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METHOD OF DNA SHUFFLING WITH POLYNUCLEOTIDES PRODUCED 
BY BLOCKING OR INTERRUPTING A SYNTHESIS OR AMPLIFICATION 

PROCESS 

Field of the Invention 

5 This invention relates generally to the field of molecular biology and more 

specifically to the preparation of polynucleotides encoding polypeptides by generating 
polvnucleotides via a procedure involving blocking or interrupting a synthesis or 
amplification process with an adduci. agent, molecule or other inhibitor, assembling the 
polynucleotides to form at least one mutant polynucleotide and screening the mutant 

10 polynucleotides for the production of a mutant polypeptide^) having a particular useful 
property. 

Description of the Related Art 

An exceedingly large number of possibilities exist for purposeful and random 
combinations of amino acids within a protein to produce useful mutant proteins and their 

15 corresponding biological molecules encoding for the mutant proteins, i.e.. DNA. UNA. 
etc. Accordingly, there is a need to produce and scree, a wide variety of such mutant 
proteins for a useful utility, particularly ^-l>' varying random proteins. 

The following general discussion of protein and polynucleotide fields may be 
helpful in further understanding the background for the present invention. 

20 The complexity of nn active sequence of a biological macromolecule. e.g.. 

proteins. DNA etc.. has been called its information content ("1C"; 5-9), which has been 
defined as the resistance of the active protein to amino acid sequence variation 
(calculated from the minimum number of invariable amino acids (bits)) required to 
describe a family of related sequences with the same function. Proteins that arc more 

25 sensitive to random mutagenesis have a high information content. 

Molecular biology developments such as molecular libraries have allowed the 
identification of quite a large number of variable bases, and even provide ways to select 
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functional sequences from random libraries. In such libraries, most residues can be 
varied (although typically not all at the same time) depending on compensating changes 
in the context. Thus, while a 100 amino acid protein can contain only 2.000 different 
mutations. 20' 00 combinations of mutations are possible. 
5 Information density is the Information Content per unit length of a sequence. 

Active sites of enzymes tend to have a high information density. By contrast, flexible 
linkers of information in enzymes have a low information density. 

Current methods in widespread use for creating mutant proteins in a library 
format are. error-prone polymerase chain reactions and cassette mutagenesis, in which the 
10 specific region to be optimized is replaced wiih a synthetically rr.utagenized oligonucleo- 
tide. In both cases, a cloud of mutant sites is generated around certain sites in the 
original sequence. 

Error-prone PCR uses low-f.dc!i:y pc:y:r,;::r.-:;,r. conditions to introduce a 
low level of point mutations randomly over a Ion? sequence b a mixture of fragments 
15 of unknown sequence, error-prone PCR can he used :d mutagenic the mixture. The 
published error-prone PCR protocols suffer from a low prccessivity of the polymerase. 
Therefore, the protocol is unable to result in the random mutagenesis of an average-sized 
gene. This inability limits the practical application of crrer-prone PCR. Some computer 
simulates have suggested that point mutagenesis alone may often be too gradual I0 
0 allow the large-scale block changed that are required for continued and dramatic 
secuence evo!utior.. Further, the published error-prone PC. -I protocols do not allow for 
amplification of DNA fragments greater than 0.5 to 1.0 kb. limiting their practical 
application, in addition, repeated cycles of error-prone PCR | ea d to an accumulation 
of neutral mutations with undesired results - such as affecting a protein's 
5 immunogenic^' but not its binding affinity. 

In ohgonucleotide-oirected mutagenesis, a short sequence is replaced with a 
synthetically mutagenized oligonucleotide. This ,, Pr ro.,:h does not generate combina- 
tions of distant mutations and is thus not combinatorial. The | im j tcd | ibrarY size rc|aliv£ 
to the vast sequence length means that many rounds of selection are unavoidable for 
3 protein optimization. Mutagenesis with synthetic oligonucleotides requires sequenci 



:ing 



WO 98/01581 



PCT/US97/12239 



- 3 - 

of individual clones after each selection round followed by grouping them into families, 
arbitrarily choosing a single family, and reducing it to a consensus motif. Such motif is 
resynthesized and reinserted into a single gene followed by additional selection. This 
step process constitutes a statistical bottleneck, is labor intensive, and is not practical for 
5 many rounds of mutagenesis. 

Error-prone PCR and oligonucleotide-dirccted mutagenesis are thus useful 
for single cycles of sequence fine tuning, but rapidly become too limiting when they are 
applied for multiple cycles. 

Another serious limitation of crror-pronc PCR is that the rate of down- 
10 mutations grows with the information content of the sequence. As the information 
content, library size, and mutagenesis rate increase, the balance of down-mutations to up- 
mutations will statistically prevent the selection of fur.hcr improvements (statistical 
ceiling). 

in cassette mutagenesis, a sequence block of a single template is typical ly 
15 replaced by a (partially) randomized sequence, Therefore, the maximum information 
content that can be obtained is statistically limited by the number of random sequences 
(i.e.. library size). This eliminates other sequence families which arc not currently best, 
but which may have greater long term potential. 

Also, mutagenesis with synthetic oligonucleotides requires sequencing of 
20 individual clones after each selection round . Thus, such an approach is tedious and 
impractical for many rounds of mutagenesis. 

Thus, error-prone PCR. and cassette mutagenesis are best suited, and have 
been widely used, for fine-tuning areas of comparatively low information content. One 
apparent exception is the selection of an RNA ligase ribozyme from a random library 
25 using many rounds of amplification by error-prone PCR and selection. 

It is becoming increasingly clear that the tools for the design of recombinant 
linear biological sequences such as protein, RNA and DNA arc not as powerful as the 
tools nature has developed. Finding better and better mutants depends on scarchinu more 
and more sequences within larger and larger libraries, and requiring increased numbers 
30 of cycles of mutagenic amplification and selection. However as discussed above, the 
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existing mutagenesis methods that are in widespread use have distinct limitations when 
used for repeated cycles. 

In nature the evolution of most organisms occurs by natural selection and 
sexual reproduction. Sexual reproduction ensures mixing and combining of the genes 
5 in the offspring of the selected individuals. During meiosis, homologous chromosomes 
from the parents line up with one another and cross-over pan way along their length, thus 
randomly swapping genetic material. Such swapping or shuffling of the DNA allows 
organisms to evolve more rapidly. 

In sexual recombination, because the inserted sequences were of proven 
10 utility in a homologous environment, the inserted sequences are likely to stil! have 
substantial information content once they arc inscned inio the new sequence. 

Marion ct al. describes the use of PCR ;r vi;ro to monitor recombination in 
a plasmid having directly repeated sequences. Marten et a!, disciose that recombination 
will occur during PCR as a result of breaking or r.::::::.^ of the DNA. Th:s will give rise 
15 to recombinant molecules. Meyerhans el a!. nb: disclose the existence of DNA 
recombination during in vitro PCR. 

The term Applied Molecular Evoiutton ("AMR") means the application of an 
evolutionary design algorithm 10 a specif;:, useful goal. While many different library 
formats fur AME have been reported for polynucleotides, peptides and proteins (phage. 
20 and polysomes), none of these formats h:»ve provided for recombination by random 
cross-overs to deliberately create a combinatorial library. 

Theoretically there are 2,000 different single mutants of a 100 amino acid 
protein. However, a protein of 100 amino acids has 20 i:: possible combinations of 
mutations, a number which is too large to exhaustively explore by conventional methods. 
25 h would be advantageous to develop a system which would allow generation and 
screening of all of these possible combination mutations. 

Some workers in the an have utilized an r: vivo site specific recombination 
system 10 combine light chain antibody genes u:ih heavy chain antibody genes for 
expression iri a phage system. However, their system relics on specific sites of 
30 recombination and is limited accordingly. Simultaneous mutagenesis of antibody CDR 
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regions in single chain antibodies (scFv) by overlapping extension and PCR have been 
reported. 

Others have described a method for generating a large population of multiple 
mutants using random in vivo recombination. However, their method requires the 
recombination of two different libraries of plasmids, each library having a different 
selectable marker. Thus, their method is limited to a finite number of recombinations 
equal to the number of selectable markers existing, and produces a concomitant linear 
increase in the number of marker genes linked to the selected scquence(s). 

In vivo recombination between two homologous but truncated insect-toxin 
genes on a plasmid have been reported as also being capable of producing a hybrid gene. 
The in vivo recombination of substantially mismatched DNA sequences in a host cell 
havtnc defective mismatch repair enzymes, resulting in hybrid molecule formation has 
been reported. 

As discussed above, prior methods for producing random proteins from 
randomized genetic material have met with limited success. Perhaps the best method, 
thus far. for producing and screening a wide variety of random proteins is a method 
which utilizes enzymes to cleave (chop) a long nucieoiidc chain into -shorter pieces 
followed by procedures to separate the chopping agents from the genetic material and 
procedures to amplify (multiply the copies 0:*) the remairing genetic material in a manner 
thai allows the annealing of the polynucleotides back 1:1:0 chains (either purposefully or 
randomly put them back together 1. 

A drawback to this method is the expense and inconvenience of utilizing 
biological enzymes to chop up the genetic material, which are then separated from the 
genetic material prior to the amplification step. Further, depending upon the particular 
genetic material, different concentrations of the chopping agents are required to produce 
the desired fragments. Moreover, the control mechanisms required for biological 
enzymes are not trivial. 

Accordingly, there is a need in the an for producing an improved method of 
obtaining truly random pieces of genetic material for reassembly to produce random 
proteins which may be screened for a panicular use. The need to produce large libraries 
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of widely varying mutant nucleic acid sequences is an important goal. Hence, it would 
be advantageous to develop such a method for the production of mutant proteins which 
allows for the development of large libraries of mutant nucleic acid sequences wh.ch are 
easily searched. There is a need to develop such a method which allows for the 
5 production of large libraries of mutant DNA, RNA or proteins and the selection of 

particular mutants for a desired goal. 

The invention described herein is directed to the use of repeated cycles of 
mutaeenesis, recombination and selection which allow for the directed molecular 
evolution of highly complex linear sequences, such as DNA. RNA or proteins thorough 
,0 recombination. It uses repeated cycles of random points mutagenesis. nucle,c ac,d 
shuffling and selection which allow for the directed molecular evolution in v,,ro of 
highly complex linear sequences, such as protons through random recombinauon. 

niJMM \P\ nv ™ F rNVF.NTION 
The present invention is directed to a method fcr generating a selected mutant 
15 polynucleotide secuence (or a population of selected polynucieot.de sequences) typically 
in the form of amplified and/or cloned polynucleotides, whereby the selected polynucleo- 
tide sequencers) possess at least or, desired P b=notypi= characteristic (e.g., encodes a 
polv D e P .ide, promotes transcription of linked polynucleotides, binds a pro.cn, and the 
like) which can be selected for. One method for identifying mutant polypeptides thai 
,0 posscss a desired structure or functional property, such as binding to a predetermined 
bioloeiea! macromolccule (e.g.. a receptor), involves the screening of a large library of 
polypeptides for tndmdual library members which possess the desired structure or 
functional property conferred by the amino acid sequence of the polypeptide. 

In one embodiment, the present invention provides a method for generating 
25 libranes of displayed polypeptides or displayed antibodies suitable for affinity interaction 
screening or phenotypic screening. The method comprises (1) obtaining a first plurality 
of selected library members comprising a displayed polypeptide or displayed antibody 
and an associated polynucleotide encoding said displayed polypeptide or displayed 
antibody, and obtaining said associated polynucleotides or copies thereof wherein said 
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as.ocia.ed po,y„ U c,eo,,des compr.sc . of ^.antiaily — 

op, im a, ly introduce m,a„„ns i- said polynucleotides or copies p> poo,, * 
p, .nucleotides 0, copies. (3, p.oducin, sma.ler - snorter 

, process and (4, perform^ amp„f,=u„o„, prcfcrac-ly P» 

genesis ,o homoloeously recede ,he newly synthesized Hynuclcoude, 

„ is a particular* preferred oc-jec, of the invention .o prov.de a process for 
proofs mu« poiynucleotides winch express a useful muran, polypeptide by a senes 



0 (.) product polynucleotides by interrupting a polynucleotide 

ampliation or synthests process ,„h , n.cans for « *« 

. mi'—icl'-oiide being in various stages o; 
polynucleotides due to the replication o. i.k poU.JCl.ouoe fc 

completion; . 

o- single- or douolc-strandcc 
15 (b) adding to tne results... ^o y ,^ o. sm b 

. • -nni'd oliconuclcotides, wherein said 

polynucleotides one or more single- or douc-^-n^J ol.gon 

, • • - , n --a o-- i-Witv in an area of heterology to one or 

added oliconucleotidcs comprise an a. -a o, i-r.hy 

more ofita single- or doublc-SCr.nded polynucleotides of the population; 

(c) denaturing the resulting single- or double-stranded oligonuclcotK.es 

.- nn u -< ^o'vrucleotides. optionally separating the shorter 

20 to produce a mixnirco:Sin£le-s--a..'--" > o.w.-u.o.i > 

or sn.al.cr polynucleotides into pools of polynucleotides having various lengths ar.o 
fcrher optiona.lv sub.ccting said poKr.ucicotidcs to a PGR procedure to amplify one or 
more oligonucleotides comprised by at least one of said polynucleotide pools; 

" (d) incubating a plurality of said polynucleotides or at least one pool of 
25 said ^-nucleotides with a polymerase under conditions which result in annealing of 
said single-stranded polynucleotides at regions of identity between the single-stranded 
polynucleotides and thus forming of a mutagenized double-stranded polpucleot.de 
chain; 

(c) optionally repeating steps (c) and (d); 
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(0 expressing at least one mutant polypeptide from said polynucleotide 
chain, or chains; and 

(g) screening said at least one mutant polypeptide for a useful activity. 

In a preferred aspect of the invention, the means for blocking or interrupting 
5 the amplification or synthesis process is by utilization of uv light, DNA adducts, DNA 
binding proteins. Preferably, the DNA adduct is a member selected from the group 
consisting of: 

UV light; (+)-CC-1065; (+)-CC-1065-(N3-Adeninc); a N-acciylated or deacctylatcd 4'- 
fluro-4-aminobiphenyl adduct capable of inhibiting DNA synthesis, or a N-acetylatcd or 

10 deacetylated 4-aminobiphcnyl adduct capable of inhibiting DNA synthesis; irivalent 
chromium; a trivalent chromium salt, a polycyclic aromatic hydrocarbon ("PAH") DNA 
adduct capable of inhibiting DNA replication, such as 7-bromomcthyl-benz[a]anthraccne 
("BMA"); tris(2,3-dibromopropyl)phosphate ("Tris-B?"}, 1.2-dibromo-3-chloropropanc 
("DBCP"); 2-bromoacrolcin (2BA); benzo[r:'.pyrenc-7,S-dihydrodio!-9-10-epoxidc 

15 ("BPDE"); a platinum(H) halogen salt; N-hydroxy-2-2miriO-3-mcthylimida2of4 t 5-y]- 
quinolins ("N-hydroxy-IQ"); and N-hydroxy-2-amir.o- i -rr.cthyI-6-phcny!imida2of4 1 5 : /I- 
pyridine ("N-hydroxy-PhlP"). 

Especially preferred members from the grouping consist of UV light, (+)-CC- 
1065 and (+)-CC-1065-(N3-Adenine). 

20 In one embodiment o: the invention, the DNA adducts, or polynucleotides 

comprising the DNA adducts, arc removed from the polynucleotides or polynucleotide 
pool, such as by a process including heating the solution comprising the DNA fragments 
prior to further processing. 

Detailed Description of the Invention 
25 The present invention relates to an enhanced method of DNA "shuffling," 

which may be referred to as "Sexual PCR." In a preferred embodiment of the present 
invention, amplified or cloned polynucleotides possessing a desired characteristic (for 
example, encoding a polypeptide of interest, etc.) are selected (via screening of a library 
of polynucleotides, for example) and pooled. The pooled polynucleotides (or at least one 
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po.ynucleotide) may be subjected , random a, leas, one of ™dom primer extenston 
reactions, or PGR amp.if.catton U s,„ E random printers ,o multiply portions ofthe 

pol vnucleo,id= or p*— *» " ^ C ° mP ""°" ' 

amplification or synthests process, the process may be blocked or interred. Hence. 
5 a collection of incompic.e copies of .be poly^icoude or po.ynucleottdes can be 
generated by random prime, extenston reactions, amplification using random pnmers, 
and/or by pausing or stopping the replication process. 

These collections of shor.er or smaller polynucleotides (pools) may be 
isolated or collectively amp.if.ed further by PCR, which may be in.em.pted again. Such 
,0 -stacking- of the ampliftcat.on and paustng or stopping steps has the advantage of 
producing a truly r,ndomi,ed sample of polynucleotides having wide,, varying lengths, 
for example, some of .he smaller poK.ucieo.ides may hybridize with the longer 

• • ., n ;-, n . Ti-rers to initiate self-priming amplifica- 
polynucleotides and act as add.l.ona. .an,on ; ?..ri.e. s 

tion of polynucleotides within the poo!. 

Such a process provides an c:T.::cr, means for producing widely-varying 
random polynucleotides and subsequent w^y-varying mutant proteins corresponding 
t0 the same random selection as in the random P o!ynuc.eotide pool, Tbe reassembly of 
th . shorter or smaller polynucleotides after such shufn.ng i0 produce the random 
polynucleotides may be provided by utiHzing procedures st.ndaxd ,n the an. 
, 0 in one embodiment of- invention, the adduct or adducts which halt or slow 

. . , , r „,,-;..-..,, , c hcrnicai croup for which there exists (or can 
the PCR process have beer, mou...-- cn^mi . v 

b. obiamed) a monoclonal anybody specific for the same. Such is an example permitting 
an efficient separation of polynucleotide chains comprising the DN A adducts (or for the 
r emova. of the adducts which have been released from the DNA polynucleotides which 
25 comprise them) from other polynucleotide chains. In some situations, it may be desirable 
t0 remove such DNA adducts before further processing of the amplified polynucleotides. 
In other situations it may be desirable to ic,,, such DNA adducts in the solution w.th the 
intention of producing a further randomized ^ of polynucleotides. Whether the DNA 
adduct is to be removed or left within polynucleotide pool depends upon the 
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composilion of the adduel itself and the immediate goal of that amplification process 
step. 

In a preferred embodiment, the polynucleotides produced by interrupting the 
PCR amplification (and optionally subsequent amplification of the said polynucleotide! 
5 to produce further randomization under conditions suitable for PCR amplifications) arc 
recombincd to form a shuffled pool of recombined polynucleotides, whereby a 
substantial fraction (e.g.. greater than 10 percent) ofthe recombincd polynucleotides of 
said shuffled pool were not present in the first plurality of selected library members, said 
shuffled pool providing a library of displayed polypeptides or displayed antibodies 
10 suitable for affinity interaction screening. 

Optionally, the method comprises the additional step of screening the library 
members orthe shuffled pool to identify individual shuffled library members having the 
ability -o bind or otherwise interact (e.g., such as catalytic antibodies) with a predeter- 
mined macromolecule, such as for example a proteinaccous receptor, peptide oligosac- 
15 charide. viron, or other predetermined compound or structure. 

The displayed polypeptides, antibodies, peptidomimctic antibodies, and 
variable region sequences that are identified from such libraries can be used for 
therapeutic, diagnostic, research and related purposes (e.g., catalysts, solutes for 
increasing osmolari.y of an aqueous solution, and the like), and/or can be subjected to 
20 one or more additional cycles of shuffling and/or affinity selection. The method can be 
modified such that the step of selecting for a phenotypic characteristic car. be other than 
of binding affinity for a predetermined molecule (e.g., for catalytic activity, stability 
oxidation resistance, drug resistance, or detectable phenotype conferred upon a host cell). 

In one embodiment, the first plurality of selected library members is 
25 polynucleotides is produced and homologously recombined by PCR in vitro, the resultant 
polynucleotides are transferred into a host cell or organism via a transferring means and 
homologously recombined to form shuffled library members in vivo. 

In one embodiment, the first plurality of selected library members is cloned 
or amplified on episomally rcplicablc vectors, a multiplicity of said vectors is transferred 
30 into a cell and homologously recombincd to form shuffled library members in vivo. 
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In one embodiment, the first plurality of selected library members is not 
produced as shorter or smaller polynucleotides, but is cloned or amplified on a 
episomally replieable vector as a direct repeat, with each repeat comprising a dist.net 
species of selected library member sequence, said vector is transferred into a cell and 
5 homologously recombined by intra-vector recombination to form shuffled library 
members in vivo. 

In an embodiment, combinations of in vitro and in vivo shuffling are provided 

to enhance combinatorial diversity. 

The present invention proves a method for generating libraries of displayed 
10 antibodies suitable for affinity infractions screening. The method comprises (1) 
obtaining firs, a plurality of selected library members comprising a displayed antibody 
and an associated polynucleotide encoding said displayed antibody, and obtaining said 
associated polynucleotide encoding for said displayed antibody and obtaining said, 
associated polynucleotides or cop.es thereof, wherein said associated polynucleotides 
15 compose a region of substantially identical variable region framework sequence, and (2) 
pooling and producing shorter or smaller polynucleotides with said associated 
polynucleotides or copies to form polynucleotides under conditions suitable for PCR 
amplification by slowing or halting the PCR amplification and thereby homologously 
recombining said shorter or smaller polynucleotides to form a shuffled pool of 
20 recombined polynucleotides of said shuffled poo!. CDR combinations comprised by the 
shuffled pool are not present in the fust plurality of selected library members, said 
shuffled pool composing a library of displayed antibodies comprising CDR permutations 
and suitable for affinity interaction screening. Optionally, the shuffled pool is subjected 
to affinity screening to select shuffled library members which bind to a predetermined 
25 epitope (antigen) and thereby selecting a plurality of selected shuffled library members. 
Further, the plurality of selccledly shuffled library members can be shuffled and screened 
itcrativcly, from 1 to about 1000 cycles or as desired until library members having a 
desired binding affinity are obtained. 

According one aspect of the present invention provides a method for 
30 introducing one or more mutations into a template double-stranded polynucleotide. 
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wherein the template double-stranded polynucleotide has produced polynucleotides of 
a desired size by the above slowed or halted PCR process, by adding to the resultant 
population of double stranded polynucleotides one or more single or double stranded 
oligonucleotides, wherein said oligonucleotides comprise a, area of identity and an area 
5 of heterology to the template polynucleotide; denaturing the resultant mixture of double- 
stranded random polynucleotides and oligonucleotides into single-strandcd polynucleo- 
tides- incubating the resultant population of single-stranded polynucleotides w.th a 
polymerase under conditions which result in the annealing of .said single-stranded 
polynucleotides and formation of a mutagenic double-stranded polynucleotide; and 

10 repealing the above steps as desired. 

In another aspect the present invention is directed to a method of producing 
recombinant proteins having biological activity by treaty a sample comprising double- 
stranded temolatc polynucleotides encoding a w>lc, : . ? c protein under sexual PCR 
conditions according to the pre sen: invention uhich provide for the production ol 
15 polynucleotides which include random double-stranded polynucleotides having a des.red 
size and adding to the resultant population of random polynucleotides one or more single 
or double-stranded oligonucleotides, wherein said oligonucleotides comprise areas of 
identity and areas of heterology «o<hc template polynucleotide; denaturing the resulting 
mixture of double-stranded polynucleotides and oligonucleotides into single-stranded 
n 0 oolynuclcotides; incubating the resultant population of single-stranded polynucleotides 
with a polymerase under condition, which cause annealing of said single-stranded 
Polynucleotides at the areas of identity to occur and thus to form at least one mutagenized 
double-stranded polynucleotide; repeating the above steps as desired; and then 
expressing the recombinant protein from the mutagen.zed double-stranded polynucleo- 
25 tide. 

A third aspect of the present invention is directed to a method for obtaining 
chimeric polynucleotide by treating a sample comprising different double-stranded 
template polynucleotides wherein said different template polynucleotides contain areas 
of identity and areas of heterology under sexual PCR conditions which provide random 
30 double-stranded polynucleotides of a desired size from the template polynucleotide; 
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denaturing the resulting random double-stranded polynucleotides to provide single- 
stranded polynucleotides; incubating the resulting single-stranded polynucleotides with 
a polymerase under conditions which provide for the annealing of the single-stranded 
polynucleotides at the areas of identity and the formation of a chimeric double-stranded 
5 polynucleotide sequence comprising template polynucleotide sequences; and repeating 

the above steps as desired. 

A fourth aspect of the present invention is directed to a method of replicating 
a template polynucleotide by combining in vitro single-stranded template polynucleo- 
tides with small random single-stranded polynucleotides resulting from the sexual PCR 
10 process according to the present invention and denaturation of the template polynucleo- 
tide, and incubating said mixture of nucleic acid polynucleotides in the presence of a 
nucleic acid polymerase under conditions wherein a population of double-stranded 
template polynucleotides is formed. 

The invention also provides the use o: polynucleotides shuffling, in vitro 
15 and/or in v/vo to shuffle polynucleotides encoding polypeptides and/or polynucleotides 
comprising transcriptional regulatory sequences. 

The invention also provides the use of polynucleotide shuffling to shuffle a 
population of viral genes (e.g., capsid pro.eins, soike glycoproteins, polymerases, 
pm'.eases. etc.) or viral genomes (e.g., paramyxoviridac. orthomyxoviridae. 
20 herpesviruses, retroviruses, reoviruses. rhinoviruses. etc.). In an embodiment, the 
invention provides a method tor shuffling sequences encoding all or portions of 
immunogenic viral proteins to generate novel combinations of epitopes as well as novel 
epitopes created by recombination; such shuffled viral proteins may comprise epitopes 
or combinations of epitopes as well as novel epitopes created by recombination; such 
25 shuffled viral proteins may comprise epitopes or combinations of epitopes which are 
likely to arise in the natural environment as a consequence of viral evolution; (e.g., such 
as recombination of influenza virus strains:. 

The invention also provides a method suitable for shuffling polynucleotide 
sequences for generating gene therapy vectors and replication-defective gene therapy 
30 constructs, such as may be used for human gene therapy, including but not limited to 
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vaccination vectors for DNA-based vaccination, as well as antineoplastic gene therapy 
and other general therapy formats. 

RRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a prior art diagram illustrating the resulting mutant polynucleotide 
5 from mutations by error-prone PCR as contrasted with those from shuflling and 
recombination of shorter or smaller polynucleotides. 

Figure 2 is a flow chart which illustrates the principles of Sexual PCR in three 
basic steps: (1) selecting mutants for generation of random sized polynucleotides of 
polynucleotides, (2) generating random-sized polynucleotides by halting the PCR 
10 process, and reassembling the random-sized polynucleotides via PCR to form random 
polynucleotides. 

Figure 3 is a flow chart which ilhstr r.e-s the concepts of utilizing DNA 
adducts or UV light to halt PCR and to generate :a: polynucleotides due to random 
priming and incomplete extension of the strands. 

15 Figure 4 is a list of DNA adducts examples and UV light which may be 

utilized to halt PCR and generate random polynuceoiides. 

Figure 5 is a flow chan illustrates the steps involved in utilizing UV light to 
create DNA adducts and halt PCR to generate random polynucleotides. 

Figures 6A and 63 illustrate the separation of polynucleotides before 

2C assembly and the results after assembly whercir. Figure 6A is directed to separation 
bands of the pre-assembly polynucleotides and Figure 6B is directed in its lane one to 
illustrating separation bands of reassembled polynucleotides after the first round of 
reassembly PCR and in lane two illustrating separatim bands of reassembled polynucleo- 
tides after the second round of reassembly PCR. Lane 2 shows the complete, rcassem- 

25 bled random polynucleotide ready for amplification, cloning and screening for a useful 
utility. 
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npgrPTPTlON OF THE PREFERRED EM BODIMENTS 
Further advantages of the present invention will become apparent from the 
following description of the invention with reference to the attached drawings. 

The present invention relates to a method for nucleic acid molecule 
5 reassembly after producing random oligonucleotides via interrupted PCR, and optionally 
subjecting at least one of said random oligonucleotides to further PCR as templates to 
produce additional oligonucleotides, and the application of such reassembly to 
mutagenesis of DNA sequences. Also desenbed is a method for the production of 
polynucleotides encoding mutant proteins having enhanced biological activity. In 
10 particular, the present invention also relates to a method of utilizing repeated cycles of 
mutagenesis, nucleic acid shuffling according to the present invention sexual PCR 
oligonucleotide method and selection which allow for the creation of mutant proteins 
having enhanced biological activity. 

The present invention is directed a method for generating a very large 
15 library of DNA, RNA or protein mutants. Th:s method has particular advantages in the 
generation of related polynucleotides from which the desired active polynucleotide 
portion(s) may be selected, in particular the present invention also relates to a method 
of repeated cycles of mutagenesis, homologous recombination and selection which allow 
for the creation of mutant proteins having enhanced biological activity. 
20 For clarity and consistency, the following terms will be defined as utilized 

above, throughout this document and ;n the claims: 

Definitions 

The term "DNA reassembly" is used when recombination occurs between 
identical sequences. 

25 By contrast, the term "DNA shuffling" is used herein to indicate recombina- 

tion between substantially homologous but non-identical sequences, in some embodi- 
ments DNA shufTling may involve crossover via non-homologous recombination, such 
as via-cer/lox and/or flp/frt systems and the iike. 
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The term "amplification" means that the number of copies of a polynucleotide 
is increased. 

The term "identical" or "identity" means that two nucleic acid sequences have 
the same sequence or a complementary sequence. Thus, "areas or identity" means that 
5 regions or areas of a polynucleotide or the overall polynucleotide are identical or 
complementary to areas of another polynucleotide or the polynucleotide. 

The term "corresponds to" is used herein to mean that a polynucleotide 
sequence is homologous(i.c., is identical, not strictly evolutionary related) to all or a 
portion of a reference polynucleotide sequence, or that a polypeptide sequence is 
D identical to a reference polypeptide sequence. In contradistinction, the term "comple- 
mentary to" is used herein to mean that the complementary sequence is homologous to 
all or a portion of a reference polynucleotide sequence. For illustration, the nucleotide 
sequence "TATAC" corresponds to a reference "TATAC" and is complementary to a 
reference sequence "GTATA." 
5 The following terms are used to describe th- sequence relationships between 

two or more polynucleotides: "reference sequence/' "comparison window," "sequence 
idcntiiy," "percentage of sequence idcr.;i:y, M and "substantia! identity." A "reference 
sequence" is a defined sequence used as a basis for a sequence comparison; a reference 
sequence may be a subset of a larger sequence, for example, as a segment of a full-length 
0 cDNA or uene sequence given in a sequence listing, or may comprise a complete cDN A 
or gene sequence. Generally, a reference sequence is a; least 20 nucleotides in length, 
frcauently at least 25 nucleotides in length, and often a< least 50 nucleotides in length. 
Since two polynucleotides may each (1) comprise a sequence (i.e., a portion of the 
complete polynucleotide sequence) that is, similar between the two polynucleotides and 
5 (2) may further comprise a sequence that is divergent between the two polynucleotides, 
sequence comparisons between two (or more) polynucleotides are typically performed 
by comparing sequences of the two polynucleotides over a "comparison window" to 
identify and compare local regions of sequence similarity. 

- A "comparison window/' as used herein, refers to a conceptual segment of at 
30 least 20 contiguous nucleotide positions wherein a polynucleotide sequence may be 
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compared to a reference sequence of at least 20 contiguous nucleotides and wherein the 
portion of the polynucleotide sequence in the comparison window may comprise 
additions or deletions (i.e., gaps) of 20 percent or less as compared to the reference 
sequence (which does not comprise additions or deletions) for optimal alignment of the 
5 two sequences. Optimal alignment of sequences for aligning a comparison window may 
be conducted by the local homology algorithm of Smith and Waterman (1981) Adv. 
Appl. Math. 2: 482 by the homology alignment algorithm of Needlemen and Wuncsch 
J Mol. Biol. 48: 443 (1970), by the search of similarity method of Pearson and Lipman 
Pmr Natl. Acad. Sci. (U.S.A.) 85: 2444 (1988), by computerized implementations of 
10 these algorithms (GAP, BESTFIT, FASTA, ar.d TFASTA in the Wisconsin Genetics 
Software Package Release 7.0, Genetics Computer Group, 575 Science Dr.. Madison. 
Wl). or by inspection, and the best alignment (',:., resulting in the highest percentage of 
homology over the comparison window) generated by the various methods is selected. 

The temi "sequence identity" mcnr.s that two polynucleotide sequences arc 
15 identical (i.e., on a nuclcotidc-by-nuclcotice bails) over the window of comparison. The 
term "percentage of sequence identity" is calculated by comparing two optimally aligned 
sequences over the window of comparison, determining the number of positions at which 
the identical nucleic acid base (e.g.. A. T, C, G, U. or I) occurs in both sequences to yield 
the number of matched positions, dividing the number of matched positions by the total 
20 number of positions in the window of comparison (i.e., the window size), and 
multiplying the result by 100 to yield the percentage of sequence identity. This 
"substantial identity" as used herein denotes a characteristic of a polynucleotide 
sequence, wherein the polynucleotide comprises a sequence having at least 80 percent 
sequence identity, preferably al least S5 percent identity, often 90 to 95 percent sequence 
25 identity, and most commonly at least 99 percent sequence identity as compared to a 
reference sequence of a comparison window of at least 25-50 nucleotides, wherein the 
percentage of sequence identity is calculated by comparing the reference sequence to the 
polynucleotide sequence which may include deletions or additions which total 20 percent 
or less of the reference sequence over the window of comparison. 



- WO 98/01581 



PCT/US97/12239 



- J8 - 

"Conservative amino acid substitutions" refer to the interchangeability of 
residues having similar side chains. For example, a group of amino acids having 
aliphatic side chains is glycine, alanine, valine, leucine, and isolcucine; a group of amino 
acids having aliphatic-hydroxyl side chains is serine and threonine; a group of amino 
acids having amide-containing side chains is asparaginc and glutamine; a group of amino 
acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group of 
amino acids having basic side chains is lysine, arginine, and histidine; and a group of 
amino acids having sulfur-containing side chains is cysteine and methionine. Preferred 
conservative amino acids substitution groups are : valinc-leucine-isoleucine, 
phenylalanine-tyrosine, lysine-arginine, alanine-valine, and asparagine-glutaminc. 

The term "homologous" or "homeologous" means that one single-stranded 
nucleic acid nucleic acid sequence may hybridize to a complementary single-stranded 
nucleic acid sequence. The degree of hybridization may depend on a number of factors 
including the amount of identity between the sequences and the hybridization conditions 
such as temperature and salt concentrations as discussed iatcr. Preferably the region of 
identity is greater than about 5 bp, more pre ferably the region of identity is greater than 
10 bp. 

The term "heterologous" means thai one single-stranded nucleic acid 
sequence is unable to hybridize to another single-stranded nucleic acid sequence or its 
complement. Thus areas of heterology means thai areas of polynucleotides or 
polynucleotides have areas or regions within their sequence which arc unable to 
hybridize to another nucleic acid or polynucleotide. Such regions or areas are, for 
example areas of mutations. 

The term "cognate" as used herein refers to a gene sequence that is 
evolutionary and functionally related between species. For example but not limitation, 
in the human genome the human CD4 gene is the cognate gene to the mouse 3d4 gene, 
since the sequences and structures of these two genes indicate that they are highly 
homologous and both genes encode a protein which functions in signaling T cell 
activation through MHC class Il-restricted antigen recognition. 
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The term "wild-type" means that the polynucleotide does not comprise any 
mutations. A "wild type" protein means that the protein will be active at a level of 
activity found in nature and will comprise the amino acid sequence found in nature. 

The term "related polynucleotides" means that regions or areas of the 
5 polynucleotides are identical and regions or areas of the polynucleotides are heterolo- 
gous. 

The term "chimeric polynucleotide" means that the polynucleotide comprises 
regions which are wild -type and regions which are mutated. It may also meant the 
polynucleotide comprises wild-type regions form one polynucleotide and wild-type 
10 regions form another related polynucleotide. 

The term "cleaving" means digesting the polynucleotide with enzymes or 

breaking the polynucleotide. 

The term "population" as used herein means a collection of components such 
as polynucleotides, portions or polynucleotide, or proteins. A "mixed population: means 
15 a collection of components which belong t 3 the same family of nucleic acids or proteins 
(i.e., arc related) but which differ in their sequence (i.e., are not identical) and hence in 

their biological activity. 

The ,erm "specific poiynuc'.eu.ide" means a polynucleotide having certain end 
points and having a certain nucleic acid sequence. Two polynucleotides wherein one 
20 polynucleotide has the identical sequence as a pori.on of the second polynucleotide but 
different ends comprises two different specific polynucleotides. 

The term "mutations" means changes in the sequence of a wild-type nucleic 
acid sequence or changes in the sequence of a peptide. Such mutations may be pint 
mutations such as transitions or inversions. The mutations may be deletions, 

25 insertions or duplications. 

In the polypeptide notation used herein, the left-hand direction is the amino 
terminal direction and the nght-hand direction is the carboxy-tcrminal direction, in 
accordance with standard usage and conversion. Similarly, unless specified otherwise, 
the left-hand end of single-stranded polynucleotide sequences is the 5' end; the left-hand 

30 direction of double-stranded polynucleotide sequences is referred to as the 5' direction. 
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The direction of 5' to 3' addition of nascent RNA transcripts is referred to as the 
transcription direction; sequence regions on the DNA strand having the same sequence 
as the RNA and which are 5* to the 5' end of the RNA transcript are referred to as 
"upstream sequences"; sequence regions on the DNA strand having the same sequence 
5 as the RNA and which are 3' to the 3' end of the coding RNA transcript are referred to 
as "downstream sequences". 

The term "naturally-occurring" as used herein as applied to the object refers 
to the fact that an object can be found in nature. For example, a polypeptide or 
polynucleotide sequence that is present in an organism (including viruses) that can be 

10 isolated from a source in nature and which has not been intentionally modified by man 
in the laboratory' is naturally occurring. Generally, the term naturally occurring refers 
to an object as present in a non-pathological (ur-disea^ed) individual, such as would be 
typical for the species. 

The term "aeen:" is used herein ic denote a chemical compound, a mixture 

15 of chemical compounds, an array of spatially localized compounds (e.g., a VLSIPS 
peptide array, polynucleotide array, and/or combinatorial small molecule anray), 
biological macromoleculc, a bacteriophage peptide display library, a bacteriophage 
antibody (e.g.. scFv) display library, a polysome peptide display library, or an extract 
made form biological materials such as bacteria, plants, fangi, or animal (particular 

20 mammalian) cells or tissues. Aeer.*^ are evaluated for potential activity as anti- 
neoplastics, anti-inflamrnatcries or apeptosis modulators by inclusion in screening assays 
described hereinbelow. Agents are evaluated for potential activity as specific protein 
interaction inhibitors (i.e., an agent which selectively inhibits a binding interaction 
between two predetermined polypeptides but which doe snot substantially interfere with 

25 celt viability) by inclusion in screening assays described hcrcinbelow. 

As used herein, "substantially pure" means an object species is the 
predominant species present (i.e., on a molar basis i: is more abundant than any other 
individual macromolecular species in the composition), and preferably substantially 
purified faction is a composition wherein the object species comprises at least about 50 

30 percent (on a molar basis) of all macromolecular species present. Generally, a 
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substantially pure composition will comprise more than about 80 to 90 percent of all 
macromolecular species present in the composition.. Most preferably, the object species 
is purified to essential homogeneity (contaminant species cannot be detected in the 
composition by conventional detection methods) wherein the composition consists 
5 essentially of a single macromolecular species. Solvent species, small molecules (<500 
Daltons), and elemental ion species are not considered macromolecular species. 

As used herein the term "physiological conditions" refers to temperature, pH, 
ionic strength, viscosity, and like biochemical parameters which are compatible with a 
viable organism, and/or which typically exist intracellular^ in a viable cultured yeast cell 
10 or mammalian cell. For example, the intracellular conditions in a yeast cell grown under 
typical laboratory culture conditions arc physiological conditions. Suitable in vitro 
reaction conditions for in vitro transcription cocktails arc generally physiological 
conditions. In general, in viiro physiological conditions comprise 50-200 mM Nad or 
KC1. pll 6.5-3.5, 20-45 °C and 0.00 1-10 rr.M divalent cation (e.g.. Mg", Ca" ); 
15 preferably about 150 mM NaCl or KG, pli 7.2-7,5, 5 mM divalent cation, and often 
include 0.01 -1 .0 percent nonspecific protein (e.g., BSa). A non-ionic detergent (Twcen, 
NP-40, Triton X-100) can often be present, usually a: about 0.001 to 2%, typically 0.05- 
0.2% (v/v). Particular aqueous conditions may be selected by the practitioner according 
,o conventional methods. For genera! guidance, tne following buffered aqueous 
20 conditions may be applicable: 10-250 mM NaCl. 5-50 mM Tris HCI. pH 5-3, with 
optional addition of divalent cation^ and/or metal chelators and/or non-ionic detergents 
and'or membrane fractions and, or r.r.ti-foam agents and'or scintillants. 

"Specific hybridization" is defined herein as the formation of hybrids between 
a first polynucleotide and a second polynucleotide (e.g., a polynucleotide having a 
25 distinct but substantially identical sequence to the first polynucleotide), wherein 
substantially unrelated polynucleotide sequences do not form hybrids in the mixture. 

As used herein, the term "single-chain antibody" refers to a polypeptide 
comprising a V H domain and a V L domain in polypeptide linkage, generally liked via a 
spacer peptide (e.g., [Gly-Gly-Gly-Gly-Ser],'). and which may comprise additional amino 
30 acid sequences at the amino- and/or carboxy- termini. For example, a single-chain 
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antibody may comprise a tether segment for linking to the encoding po/ynuclcotide. As 
an example, a scFv is a single-chain antibody. Single-chain antibodies are generally 
proteins consisting of one or more polypeptide segments of at least 10 contiguous amino 
substantially encoded by genes of the immunoglobulin supcrfamily (e.g., see The 
5 Immunoglobulin Gene Suoerfamilv , A.F. Williams and A.N. Barclay, in Immunoglobulin 
Genes, T. Honjo, F. W. Alt, and THE. Rabbits, eds., ( 1 989) Academic press: San Diego, 
CA, pp. 361-368, which is incorporated herein by reference), most frequently encoded 
by a rodent, non-human primate, avian, porcine bovine, ovine, goat, or human heavy 
chain or light chain gene sequence, A functional single-chain antibody generally 
10 contains a sufficient portion of an immunoglobulin superfamily gene product so as to 
retain the property of binding to a specific target molecule, typically a receptor or antigen 
(epitope). 

As used herein, the term "complementarity- determining region" and "CDR" 
refer to the art- re cognized term as exemplified by the Kabat and Choihia CDR definitions 

15 also generally known as supervariahle regions or hypervariablc loops (Chothia and Leks 
M987) J. MoL Biol. 196 ; 901 ; Clothia ct a!. (i9S9) Nature 342 ; 877; E.A. Kabat et al., 
Sequences of Proteins of Immunological Interest (national Institutes )f Health, Bethesda, 
MD) (1987); and Tramontane et a!: (1990) j. Mci. Biolo^. 215 ; 175). Variable region 
domains typically comprise the amir.o-terminal approximately 105-115 amino acids of 

20 a naOL-aJly-occurring immunoglobulin chain (e.g., amino acids 1-1 10), although variable 
domains somewhat shorter or longer arc also suitable for forming single-chain 
antibodies. 

An immunoglobulin light or heavy chain variable region consists of a 
"framework" region interrupted by three hypervariable regions, also called CDR's. The 

25 extent of the framework region and CDR's have been precisely defined (see , "Sequences 
of Proteins of Immunological Interest," E. Kabat ct aL 4th Ed., U.S. Department of 
Health and human services, Bethesda, MD (1937)). The sequences of the framework 
regions of different light or heavy chains are relatively conserved within a specie. As 
used herein, a "human framework region" is a framework region that is substantially 

30 identical (about 85 or more, usually 90-95 or more) to the framework region of a 
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naturally occurring human immunoglobulin, the framework region of an antibody, that 
is the combined framework regions of the constituent light and heavy chains, serves to 
position and align the CDR's. The CDR's are primarily responsible for binding to an 
epitope of an antigen. 

5 As used herein, the term "variable segment" refers to a portion of a nascent 

peptide which comprises a random, pseudorandom, or defined kemal sequence. A 
variable segment" refers to a portion of a nascent peptide which comprises a random 
pseudorandom, or defined kcmal sequence. A variable segment can comprise both 
variant and invariant residue positions, and the degree of residue variation at a variant 

10 residue position may be limited: bolh options are selected at the discretion of the 
practitioner. Typically, variable segments arc about 5 to 20 amino acid residues in length 
(e.g.. 8 to 10), although variable segments may be longer and may comprise antibody 
portions or receptor proteins, such as an antibody fragment, a nucleic acid binding 
protein, a receptor protein, and the like. 

15 As used herein, "random peptide sequence" refers to an amino acid sequence 

composed of two or more ammo acid monomers and constructed by a stochastic or 
random process. A random peptide can include framework or scaffolding motifs, which 
may comprise invariant sequence:;. 

As used herein ••random pept.de library" refers to a set of polynucleotide 

20 sequences that encodes a set of random peptides, and to the set of random peptides 
encoded by those polynucleotide sequences, as well as the fusion proteins contain those 
random peptides. 

As used herein, the term "pseudorandom" refers to a set of sequences that 
have limited variability, sol thai for example the degree or residue variability at another 
25 position, but any pseudorandom position is allowed some degree of residue variation, 
however circumscribed. 

As used herein, the term "defined sequence framework" refers to a set of 
defined sequences that are selected on a nor.-random basis, generally on the basis of 
experimental data or structural data; for example, a defined sequence framework may 
30 comprise a set of amino acid sequences that are predicted to form a B-shect structure or 
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may comprise a leucine zipper heptad repeat motif, a zinc-finger domain, among other 
variations. A "defined sequence kemal" is a set of sequences which encompass a limited 
scope of variability. Whereas (!) a completely random 10-mcr sequence of the 20 
conventional amino acids can be any of (20)'° sequences, and (2) a pseudorandom 10- 
5 mer sequence of the 20 conventional amino acids can be any of (20)'° sequences but will 
exhibit a bias for certain residues at certain positions and/or overall, (3) a defined 
sequence kemal is a subset of sequences if each residue position was allowed to be any 
of the allowable 20 conventional amino acids (and/or allowable unconventional 
amino/iniino acids). A defined sequence kemal generally comprises variant and 

10 invariant "residue positions and/or comprises variant residue positions which can 
comprise a residue selected from a defined subset of amino acid residues), and the like, 
either sccmentally or over the entire length of the individual selected library member 
sequence. Defined sequence kernels can refer to either amino acid sequences or 
polynucleotide sequences. Of illustration and not limitation, the sequences (NNK) I0 and 

15 (NNM), C , wherein N represents A, T, G, or C; K represents G or T; and M represents A 
or C, are defined sequence kernels. 

As used herein "epitope" refers to that portion of an antigen or other 
macro molecule capable of forming a binding interaction thai interacts with the variable 
region binding body of an antibody. Typical!;*, such binding interaction is manifested 

20 as an ir.iermoleeular contact with one cr more ammo acid residues of a CDR. 

As used herein, "receptor" refers to a molecule that has an affinity for a given 
ligand. Receptors can be naturally occurring or synthetic molecules. Receptors can be 
employed in an unaltered state or as aggregates with other species. Receptors can be 
attached, covalently or non-covalentiy, to a binding member, either directly or via a 

25 specific binding substance. Examples of receptors include, but arc not limited to, 
antibodies, including monoclonal antibodies and antisera reactive with specific antigenic 
determinants (such as on viruses, cells, or other materials), cell membrane receptors, 
complex carbohydrates and glycoproteins, enzymes and hormone receptors. 

.As used herein "ligand" refers to a molecule, such as a random peptide or 

30 variable segment sequence, that is recognized by a particular receptor. As one of skill 
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in the ait will recognize, a molecule (or macromolecular complex) can be both a receptor 
and a ligand. In general, the bindin E partner having a smaller molecular weight is 
referred to as the ligand and the binding partner having a greater molecular weight is 

referred to as a receptor. 
5 As used herein, "linker" or "spacer" refers to a molecule or group of 

molecules that connects two molecules, such as a DNA binding protein and a random 
peptide, and serves to place the two molecules in a preferred configuration, e.g., so that 
the random peptide can bind to a receptor with minimal steric hindrance from the DNA 
binding protein. 

10 As used herein, the term "opcrably linked" refers to a linkage of polynucleo- 

tide elements in a functional relationship. A nucleic acid is "opcrably linked" when it is 
placed into a functional relationship with another nucleic acid sequent. For instance, 
a promoter or enhancer is operably linked to a coding sequence if it affects the 
transcription of the coding sequence. Operubly linked means that the DNA sequences 

15 being linked are typically contiguous and, .here necessary to join two protein coding 
rcuior.s, contiguous and in reading frame. 

As used herein, the "means for slowing or halting the PCR amplification 

■ „n -v ';^v,. „- t n\'-\ pdduct ; " slow or halt the PCR 
process" is defined as utilization o! L-V i-.gn. o. a u.^.\ uuuun . . a v, 

amplification of at least one polynucleotide. Preferably, such a means is either UV light 

20 or a DNA adduct which is a member selected from the group consisting of: (+)-CC- 

1065. or a synthetic analog such as r)-CC-l 065-(N3-Adenine), (see. Biochem. 3J, 

2S22-2829 (1992)); a N-accly!ated or deacctylatcd 4'-fluro-4-aminobi?hcnyl adduct 

capable of inhibiting DNA synthesis (see; for example, Carcinogenesis vol. 13, No. 5, 

751-758 (1992); or a N-accrylatcd or deacctylatcd 4-aminobiphenyl adduct capable of 

25 inhibiting DNA synthesis (see also, 751-758); trivalent chromium, a tnvatent 

chromium salt, a polycyclic aromatic hydrocarbon ("PAH") DNA adduct capable of 

inhibiting DNA replication, such as 7-bromomcthyl-benz[ a ]anthracene ("BMA"), 

tris(2,3-dibromopropyl)phosphalc ("Tris-BP"). 1.2-dibromo-3-chloropropanc ("DBCP"), 

2-bromoacrolein (2BA), benzo[a]p > Tep,e-7,8-d ! hvdrodiol-9-10-c pO xide ("BPDE"), a 

30 platinum(II) halogen salt, N-hydroxy-2-a m ino-3-mcthylimidazo[4,5-/l-quinolinc fN- 
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hydroxy-IQ"), and N-hydroxy-2-ajTiino-l-methyl-6-phenyIimidazo[4,5-y)-pyridine ( M N- 
hydroxy-PhlP"). Especially preferred "means for slowing or halting PCR amplification 
consist of UV light (+)-CC-1065 and (+)-CC-1065-(N3-Adenine). Particularly 
encompassed means arc DNA adducts or polynucleotides comprising the DNA adducts , 
5 from the polynucleotides or polynucleotides pool, which can be released or removed by 
a process including heating the solution comprising the polynucleotides prior to further 
processing. 

Methodology 

Nucleic acid shuffling is a method for in vitro or in vivo homologous 
10 recombination of pools of shorter or smaller polynucleotides to produce a polynucleotide 
or polynucleotides. Mixtures of related nucleic acid sequences or polynucleotides are 
subjected to sexual PCR to provide random polynucleotides, and reassembled to yield 
a library or mixed population of recombinant mutant nucleic acid molecules or 
polynucleotides. 

15 Ln conuust to cassette mutagenesis, only shuffling and error-prone PCR allow 

one to mutate a pool of sequences blindly (without sequence information other than 
primers). 

The advantage of the mutagenic shuffling of -his invention over error-prone 
PCR alone for repeated selection can best be explained with an example from antibody 

20 engineering, ln Figure 1 is shown a prior an schematic diagram of DNA shuffling as 
compared with error-prone PCR (not sexual PCR). The initial library of selected pooled 
sequences can consist of related sequences of diverse origin (i.e. antibodies from naive 
mRNA) or can be derived by any type of mutagenesis (including shuffling) of a single 
antibody gene. A collection of selected complementarity determining regions ("CDRs") 

25 is obtained after the first round of affinity selection (Fig. 1). In the diagram the thick 
CDRs confer onto the antibody molecule increased affinity for the antigen. Shuffling 
allows the free combinatorial association of all of the CDRls with all of the CDR2s with 
all of the CDR3s, etc. 
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This method differs from error-prone FCR, in that it is an inverse chain 
reaction. In error-prone PCR, the number of polymerase start sites and the number of 
molecules grows exponentially. However, the sequence of the polymerase start sites and 
the sequence of the molecules remains essentially the same. In contrast, in nucleic acid 
5 reassembly or shuffling of random polynucleotides the number of start sites and the 
number (but not size) of the random polynucleotides decreases over time. For 
polynucleotides derived from whole plasmids the theoretical endpoint is a single, large 

concatemeric molecule. 

Since cross-overs occur at regions of homology, recombination will primarily 
10 occur between members of the same sequence family. This discourages combinations 
of CDRs that are grossly incompatible (e.g., directed against different epitopes of the 
same antigen). It is contemplated that multiple families of sequences can be shuffled in 
the same reaction. Further, shuffling generally conserves the relative order, such that, 
for example, CDR1 will not be found in the position of CDR2. 
15 Rare shufflants will contain a !ar. 4 e number of the best (eg. highest affinity) 

CDRs and these rare shufflants may be selected based on their superior affinity (Fig. 1). 
CDRs from a pool of 100 different selected antibody sequences can be pcrmutatcd in up 
l0 j 006 different ways. This large number of permutations cannot be represented in a 
single library of DNA sequences. Accordingly, il is contemplated that multiple cycles 
20 of DNA shuffling and selection may be required depending on the length of the sequence 
and the sequence diversity desired. 

Error-prone PCR, in contrast, keeps all the selected CDRs in the same relative 
sequence (Fig. 1 ), generating a much smaller mutant cloud. 

The template polynucleotide which may be used in the methods of this 
25 invention may be DNA or RNA. It may be of various lengths depending on the size of 
the gene or shorter or smaller polynucleotide to be rccombincd or reassembled. 
Preferably, the template polynucleotide is from 50 bp to 50 kb. It is contemplated that 
entire vectors containing the nucleic acid encoding the protein of interest can be used in 
the methods of this invention, and in fact have been successfully used. 
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The template polynucleotide may be obtained by amplification using the PCR 
reaction (U.S. Patent No. 4,683,202 and 4,683,195) or other amplification or cloning 
methods. However, the removal of free primers from the PCR products before subjecting 
them to pooling of the PCR products and sexual PCR may provide more efficient results. 
5 Failure to adequately remove the primers from the original poo! before sexual PCR can 
lead to a low frequency of crossover clones. 

The template polynucleotide often should be double-stranded. A dou- 
ble-stranded nucleic acid molecule is recommended to ensure that regions of the resulting 
single-stranded polynucleotides are complementary to each other and thus can hybridize 
10 to form a double-stranded molecule. 

It is contemplated that single-stranded or double -stranded nucleic acid 
polynucleotides having regions of identity to the template polynucleotide and regions of 
heterology to the template polynucleotide may be added to the template polynucleotide, 
at this step. It is also contemplated tha: two different but related polynucleotide 
1 5 templates can be mixed at this step. 

The double-stranded polynucleotide template and any added double-or 
single-stranded polynucleotides are subjected to sexual PCR which includes slowing or 
haltinc, to provide a mixture of from about 5 bp to 5 kb or more. Preferably the size of 
the random polynucleotides is from about iO bp to 1000 bp, more preferably the size of 
20 the polynucleotides is from about 20 bp to 500 bp. 

Alternatively, it is also contemplated that doub'.c-strandcd nucleic acid having 
multiple nicks may be used in the methods of this invention. A nick is a break in one 
strand of the double-stranded nucleic acid. Tnc distance between such nicks is preferably 
5 bp to 5 kb, more preferably between 1 0 bp to 1 000 bp. This can provide areas of self- 
25 priming to produce shorter or smaller polynucleotides to be included with the 
polynucleotides resulting from random primers, for example. 

The concentration of any one specific polynucleotide will not be greater than 
1% by weight of the total polynucleotides, more preferably the concentration of any one 
specific nucleic acid sequence will not be greater than 0.1% by weight of the total nucleic 
30 acid. 
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nucleic acid. Preferably the temperature is from 80 °C to 100 °C more preferably the 
temperature is from 90 °C lo 96 °C other methods which may be used to denature the 
polynucleotides include pressure (36) and pH. 

The polynucleotides may be re-annealed by cooling. Preferably the 

5 temperature is from 20 °C to 75 °C, more preferably the temperature is from 40 °C to 
65 °C. If a high frequency of crossovers is needed based on an average of only 4 
consecutive bases of homology, recombination can be forced by using a low annealing 
temperature, although the process becomes more difficult. The degree of rcnaturation 
which occurs will depend on the degree of homology between the population of 

10 single-stranded polynucleotides. 

Renatumiion can be accelerated by the addition of polyethylene glycol 
("PEG") or salt. The salt concentration is preferably from 0 mM tu 200 mM, more 
preferably the sail concentration is from 10 mM «..; 100 mm. The salt may be KCI or 
NaCl. The concentration of PEG is preferably fr — 0% to 20%, more preferably from 

15 5% to 10%. 

The annealed polynucleotides arc r.cxi ir.eubated in the presence of a nucleic 
acid polymerase and dNTP's (i.e. DATP, dCTP. DGTP and DTTP). The nucleic acid 
polymerase may be the Klcnow fragment, the Tan polymerase or any other DNA 
polymerase known in the an. 
20 The approach to be used for the assembly depends on the minimum degree 

of homology that should still yield crossovers. If the areas of identity are large, Taq 
polymerase can be used with an annealing temperature of between 45-65 °C. IT the areas 
of identity arc small, Klenow polymerase can be used with an annealing temperature of 
between 20-30 °C. One skilled in the an could vary the temperature of annealing tu 
25 increase the number of cross-overs achieved. 

The polymerase may be added to the random polynucleotides prior to 
annealing, simultaneously with annealing or after annealing. 

The cycle of denaturation, rcnaturaticn and incubation in the presence of 
polymerase is referred to herein as shuffling or reassembly of the nucleic acid. This 
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cycle is repeated for a desired number of times. Preferably the cycle is repeated from 2 
to 50 times, more preferably the sequence is repeated from 10 to 40 times: 

The resulting nucleic acid is a larger double-stranded polynucleotide of from 
about 50 bp to about 100 kb, preferably the larger polynucleotide is from 500 bp to 50 



kb. 



This larger polynucleotides may contain a number of copies of a polynucleo- 
tide having the same size as the template polynucleotide in tandem. This concatemeric 
polynucleotide is then denatured into single copies of the template polynucleotide. The 
result will be a population of polynucleotides of approximately the same size as the 
,0 template polynucleotide. The population will be a mixed population where single or 
double-stranded polynucleotides having an area of identity and an area of heterology 
have been added to the template polynucleotide prior :o shuffling. 

These polynucleotides arc then cloned into '.he appropriate vector and the 

ligation mixture used to transform bacteria. 
15 " H i s contemplated that the single polynucleotides may be obtained from the 

larger concatemeric polynucleotide by amplification, of the single polynucleotide pr,or 
to clon.ng by a variety of methods including PGR (U.S. Patent No. 4,683,195 and 
4.6S3.202). rather than by digestion of the concatemer. 

The vector used for cloning is not critical provided that it will accept a 
20 polynucleotide of the desired size. If expression of the particular polynucleotide is 
desired, the cloning vehicle should further comprise transcription and translation signals 
next to the Site of insertion of the polynucleotide to allow expression of the polynucleo- 
tide in the host cell. Preferred vectors include the pUC series and the pBR series of 
piasmids. 

25 The resulting bacterial population will include a number of recombinant 

polynucleotides having random mutations. This mixed population may be tested to 
identify the desired recombinant polynucleotides. Tne method of selection will depend 

on the polynucleotide desired. 

For example, if a polynucleotide which encodes for a protein with increased 
30 binding efficiency to a ligand is desired, the proteins expressed by each of the portions 
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of the polynucleotides in the population or library may be tested for their ability to bind 
to the ligand by methods known in the art (i.e. panning, affinity chromatography). If a 
polynucleotide which encodes for a protein with increased drug resistance is desired, the 
proteins expressed by each of the polynucleotides in the population or library may be 

5 tested for their ability to confer drug resistance lo the host organism. One skilled in the 
art, given knowledge of the desired protein, could readily test the population to identify 
polynucleotides which confer the desired properties onto the protein. 

It is contemplated that one skilled in the art could use a phage display system 
in which fragments of the protein are expressed as fusion proteins on the phage surface 

10 (Pharmacia, Milwaukee \VI). The recombinant DNA molecules arc cloned into the" 
phage DNA at a site which results in the transcription of a fusion protein a portion of 
which is encoded by the recombinant DNA molecule. The phage containing the 
recombinant nucleic acid molecule undergoes replication and transcription in the cell. 
The leader sequence of the fusion protein directs the iransport of the fusion protein to the 

15 tip of the phage parade. Thus the fusion protein wh!:h is partially encoded by the 
recombinant DNA molecule is displayed on the phage panicle for detection and selection 
by the methods described above, 

It is further contemplated thai a number of cycles of nucleic acid shuffling 
may be conducted with polynucleotides from a sub-population of the first population. 

20 which sub-population contains DNA encoding the desired recombinant protein. In this 
manner, proteins with even higher binding affinities or enzymatic activity could be 
achieved. 

It is also contemplated that a number of cycles of nucleic acid shuffling may 
be conducted with a mixture of wild -type polynucleotides and a sub-population of 
25 nucleic acid from the first or subsequent rounds of nucleic acid shuffling in order to 
remove any silent mutations from the sub-population. 

Any source of nucleic acid, in purified form: can be utilized as the starting 
nucleic acid. Thus the process may employ DNA or RNA including messenger RNA, 
which DNA or RNA may be single or double stranded. In addition, a DNA-RNA hybrid 
30 which contains one strand of each may be utilized. The nucleic acid sequence 
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may be of various lengths depending on the size of the nucleic acid sequence to be 
mutated. Preferably the specific nucleic acid sequence is from 50 to 50000 base pairs. 
It is contemplated that entire vectors containing the nucleic acid encoding the protein of 
interest may be used in the methods of this invention. 

5 The nucleic acid may be obtained from any source, for example, from 

plasmids such a P BR322, from cloned DNA or RN A or from natural DN A or RN A from 
any source including bacteria, yeast, viruses and higher organisms such as plants or 
animals. DNA or RNA may be extracted from blood or tissue material. The template 
polynucleotide may be obtained by amplification using the polynucleotide chain reaction 

10 (PCR)(US. Patent no. 4.683,202 and 4 : 6S3,195). Alternatively, the polynucleotide may 
be present in a vector present in a cell and sufficient nucleic acid may be obtained by 
culruring the cell and extracting the nucleic acid from the cell by methods known in the 



art. 



Any specific nucleic acid sequence can be used to produce the popubiion of 
15 mutants by the present process. It is only necessary that a small population of mutant 
sequences of the specific nucleic acid sequence exist or be created pnor to the present 

process. 

The initial small population of the specific nucleic acid sequences having 
mutations may be created by a number of different methods. Mutations may be created 
20 by error-prone PCR. Error-prone PCR uses low-fidelity polymerization conditions to 
introduce a low level of point nutations randomly over a long sequence. Alternatively, 
mutations can be introduced into the template polynucleotide by oligonuclco- 
ude<lirectcd mutagenesis. In oligonucleotide-dircctcd mutagenesis, a short sequence of 
the polynucleotide is removed from the polynucleotide using restriction enzyme 
25 digestion and is replaced with a synthetic polynucleotide in which various bases have 
' been altered from the original sequence. Tne polynucleotide sequence can also be altered 
by chemical mutagenesis. Chemical mutagens include, for example, sodium bisulfite, 
nitrous acid, hydroxyzine, hydrazine or formic acid, other agents which arc analogues 
of nucleotide precursors include nitrosoguanidinc, 5-bromouracil, 2-aminopurine, or 
30 aendine. Generally, these agents arc added to the PCR reaction in place of the nucleotide 
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precursor thereby mutating the sequence. Intercalating agenls such as proflavine, 
acriflavine, quinacrine and the like can also be used. Random mutagenesis of the 
polynucleotide sequence can also be achieved by irradiation with X-rays or ultraviolet 
light. Generally, plasmid polynucleotides so mutagenized are introduced into E. coli and 
5 propagated as a pool or library of mutant plasmids. 

Alternatively the small mixed population of specific nucleic acids may be 
found in nature in that they may consist of different alleles of the same gene or the same 
gene from different related species (i.e., cognate genes). Alternatively, they may be 
related DNA sequences found within one species, for example, the immunoglobulin 
10 genes. 

Once the mixed population of the specific nucleic acid sequences is 
generated, the polynucleotides can be used directly or inserted into an appropriate 
cloning vector, using techniques well-known in, the an. 

The choice of vector depends or. the s:;:e of the polynucleotide sequence and 

15 the host cell to be employed in the methods of this invention. The templates of this 
invention may be plasmids, phages, cosmic 3. phngemids, viruses (e.g., retroviruses, 
parainfluenzavirus, herpesviruses, rcovipjscs, paramyxoviruses, and the like), or selected 
portions thereof (e. g., coat protein, spike glycoprotein, capsid protein). For example, 
cosmids and phagemids are preferred where the specific nucleic acid sequence to be 

20 mutated is larger because these vectors are able to stab;y propagate large polynucleo- 
tides. 

If the mixed population of the specific nucleic acid sequence is cloned into 
a vector it can be clonally amplified by inserting each vector into a host cell and allowing 
the host cell to amplify the vector. Tnis is referred to as clonal amplification because 
25 while the absolute number of nucleic acid sequences increases, the number of mutants 
docs not increase. Utility can be readily determined by screening expressed polypep- 
tides. 

The DNA shuffling method of this invention can be performed blindly on a 
pool of unknown sequences. By adding to the reassembly mixture oligonucleotides (with 
30 ends that are homologous to the sequences being reassembled) any sequence mixture can 
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involved in the enhanced biological activity and which are not, an advantage which 
cannot be achieved by error-prone mutagenesis or cassette mutagenesis methods. 

Large, functional genes can be assembled correctly from a mixture of small 
random polynucleotides. This reaction may be of use for the reassembly of genes from 
5 the highly fragmented DNA of fossils. In addition random nucleic acid fragments from 
fossils may be combined with polynucleotides from similar genes from related species. 

It is also contemplated that the method of this invention can be used for the 
in vitro amplification of a whole genome from a single cell as is needed for a variety of 
research and diagnostic applications. DNA amplification by PCR is in practice limited 
10 to a length of about 40 kb. Amplification of a whole genome such as that of £. coli (5;* 
000 kb) by PCR would require about 250 primers yielding 125 forty kb polynucleotides. 
This approach is not practical due to the unavailability of sufficient sequence data. On 
the other hand, random production of polynucleotides cf ihe genome with sexual PCR 
cycles, followed by ge! purification of small polynucleotides will provide a multitude of 
15 possible primers. Use of this mix of random small polynucleotides as primers in a PCR 
reaction alone or with the whole genome as the template snould result in an inverse chain 
reaction with the theoretical endpoin: of a single cor.catcmcr containing many copies of 
the genome. 

1 00 fold amplification in the copy number and an average polynucleotide size 
20 of greater than 50 kb may be obtained when only random polynucleotides are used. Ji 
is thought that the larger concatcmcr is generated by overlap of many smaller polynuc- 
leotides. The quality of specific PC?, products obtained using synthetic primers will be 
indistinguishable from the product obtained from unampiificd DNA. It is expected that 
this approach will be useful for the mapping of genomes. 
25 The polynucleotide to be shuffled can be produced as random or non-random 

polynucleotides, at the discretion of the practitioner. 

In Vivo ShufTiir.r 

in an embodiment of in vivo shuffling, the nixed population of the specific 
nucleic acid sequence is introduced into bacterial or cukaryotic cells under conditions 
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sequences having the qualities desired. For example, if increased resistance to a 
particular drug is desired then the transformed host cells may be subjected to increased 
concentrations of the particular drug and those transformants producing mutated proteins 
able to confer increased drug resistance will be selected. If the enhanced ability of a 
5 particular protein to bind to a receptor is desired, then expression of the protein can be 
induced from the transformants and the resulting protein assayed in a iigand binding 
assay by methods known in the art to identify that subset of the mutated population 
which shows enhanced binding to the ligand. Alternatively, the protein can be expressed 
in another system to ensure proper processing. 

10 Once a subset of the first rccombined specific nucleic acid sequences ■ 

(daughter sequences) having the desired characteristics arc identified, they arc then 
subject to a second round of recombination. 

In the second cycle of recombination, the rccombined specific nucleic acid 
sequences may be mixed with the original specific nucleic acid sequences 

15 (parent sequences) and the cycle repeated as described above. In this way a set of second 
rccombined specific nucleic acids sequences can be identified which have enhanced 
characteristics c: encode for proteins having enhanced properties. This cycle can be 
repeated a number of limes as desired. 

1: is also contemplated tha: in the second or subsequent recombination cycle, 

20 a backcross can be performed. A molecular baekcross can be performed by mixing the 
desired specific nucleic acid sequences wim a large number of the wild-type sequence, 
such tha: at least one wild-type nucleic acid sequence and a mutated nucleic acid 
sequence arc present in the same host cell after transformation. Recombination with the 
wild-type specific nucleic acid sequence will eliminate those neutral mutations that may 

25 affect unselcctcd characteristics such as immunogenicity but not the selected characteris- 
tics. 

In another embodiment of this inven'.ier., i- is contemplated that during the 
first round a subset of the specific nucleic acid sequences can be generated as smaller 
polynucleotides by slowing or hatting their PCR amplification prior to introduction into 
30 the host cell. The size of the polynucleotides must be large enough to contain some 
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cells ' „ r « can be si nele -stranded or dou- 

The shorter polynucleotide sequences can s.ng 

nrioinallY single-stranded and have become double- 
ble-stnanded. If the sequences were ongmallj s.ngl 
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vectors. This results in the generation of mutants (daughters) having a combination of 
mutations which differ from the original parent mutated sequences. 

The host cells arc then clonaliy replicated and selected for the marker gene 
present on the vector. Only those cells having a plasmid will grow under the selection. 
5 The host cells which contain a vector are then tested for the presence of 

favorable mutations. Such testing may consist of placing the cells under selective 
pressure, for example, if the gene to be selected is an improved drug resistance gene. If 
the vector allows expression of the protein encoded by the mutated nucleic acid 
sequence, then such selection may include allowing expression of the protein so encoded, 
10 isolation of the protein and testing of the protein to determine whether, for example, it--, 
binds with increased efficiency to the ligand of interest. 

Once a particular daughter mutated nucleic acid sequence has been identified 
which confrs the desired characteristics, the nucleic acid is isolated either already linked 
to the vector or separated from the vector. This nucleic acid is then mixed with the first 
15 or parent population of nucleic acids and the cycle is repeated. 

It has been shown that by this method nucleic acid sequences having 
enhanced desired propenics can be selected. 

In an alternate embodiment, the firs' generation of mutants are retained in the 
celts and the parental mutated sequences are added again to the cells. Accordingly, the 
20 first cycle of Embodiment I is conducted as described above. However, after the 
daughter nucleic acid sequences are identified, the host cells containing these sequences 
are retained. 

The parent mutated specific nucleic acid population, either as polynucleotides 
or cloned into the same vector is introduced into the host cells already containing the 
25 daughter nucleic acids. Recombination is allowed to occur in the cells and the next 
generation of recombinants, or granddaughters are selected by the methods described 
above. 

This cycle can be repeated a number of times until the nucleic acid or peptide 
having the-desired characteristics is obtained. It is contemplated that in subsequent 
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cycles, the population of mutated sequences which are added to the preferred mutants 
may come from the parental mutants or any subsequent generation. 

In an alternative embodiment, the invention provides a method of conducing 
a "molecular" backcross of the obtained recombinant specific nucleic acid in order to, 
5 eliminate any neutral mutations. Neutral mutations are those mutations which do not 
confer onto the nucleic acid or peptide the desired properties. Such mutations may 
however confer on the nucleic acid or peptide undesirable characteristics. Accord.ng.y. 
• u is desirable to eliminate such neutral mutations. The method of this mvention prov.de 

a means of doing so. . 
10 in this embodiment, after the mutant nucleic acid, having the desired 

characteristics, is obtained by the methods of the embodiments, the nucleic acid, the 
vector having the nucleic acid or the host ccH containing the vector and nucleic acd ,s 

The nuc ,eic acid or vector is then i:„rocu:ed into the host cell with a large 

,. H tv r.-c-ic acid of the mutant and the nucle.c acd 

15 excess of the wild-type nucleic a.id. lh-n-. 

,\\ n ^f> m -eco^bir^ The resulting recombinants are 
of the wild-type sequence are allowed .3 >^...ou... 

i ,.'„n •>- in. nufr -ucleic acid. Only those recombinants 
placed under the same selection a> tn. nu.-n. 

■ j • .„ri-;-- -vi! ! b- se'-c-ed. Any silent mutations which 
which retained the desired cnaracten^u, *n. d. s 

d0 rot provide the desired characterises will be lost through recombination with the 
20 wile-type DN'A. This cycle can ce repeated a number of times until all of the silent 

mutations are eliminated. 

Thus the methods of this invention can be used in a molecular backcross to 

eliminate unnecessary or silent mutaiior.s. 
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Tn, in v fvo recombination method of this invention can be performed blindly 

r , , an ~ nr nM-i-s o r - specific polynucleotide or sequence, 

on a pool of unknown muiano or a.Ui-b c. - s^ k . 

, » rt Vnnw tV- -c^\ DW>\ or RNA sequence of ihe specific 
However, it is not necessary to knov. tru ceo.-, u. ^ 

polynucleotide. 
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The approach of using recombination within a mixed population of genes can 
be useful for the generation of any useful proteins, for example, interleukin I, antibodies, 
t PA, growth hormone, etc. This approach may be used to generate proteins having 
altered specificity or activity. The approach may also be useful for the generation of 
5 mutant nucleic acid sequences, for example, promoter regions, introns, exons, enhancer 
sequences, 31 untranslated regions or 51 untranslated regions of genes. Thus this 
approach may be used to generate genes having increased rates of expression. This 
approach may also be useful in the study of repetitive DNA sequences. Finally, this 
approach may be useful to mutate ribozymes or aptamcrs. 

10 Scaffold-like regions separating regions of diversity in proteins may be. 

particularly suitable for the methods of this invention. The conserved scaffold 
determines the overall folding by self-association, while displaying relatively unrestricted 
loops that mediate the specific binding. Examples of such scaffolds are the immunoglob- 
ulin beta barrel, and the four-helix bundle. The methods of this invention can be used 

15 to create scaffold-like proteins with various combinations of mutated sequences for 
binding. 

The equivalents of some standard genetic matings may also be performed by 
the methods of this invention. For example, a "molecular" backcross can be performed 
by repeated mixing of the mutant's nucleic acid with the wild-type nucleic acid while 
20 selecting for the mutations of interest. As in traditional breeding, this approach can be 
used to combine phenotypes from different sources into a background of choice. It is 
useful, for example, for the removal of neutral mutations that affect unselccted 
characteristics (i.e. immunogenic iry). Thus it can be useful to determine which mutations 
in a protein are involved in the enhanced biological activity and which arc not. 

25 Peptide Display Methods 

The present method can be used to shuffle, by in vitro and/or in vivo 
recombination by any of the disclosed methods, and in any combination, polynucleotide 
sequences selected by peptide display methods, wherein an associated polynucleotide 
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thus selected are isolated and the nucleotide sequence encoding the displayed peptide 
sequence is determined, thereby identifying the sequence(s) of peptides that bind to the 
predetermined macromolecule (e.g., receptor). Such methods are further described in 
PCT patent publication Nos. 91/17271, 91/18980, and 91/19818 and 93/08278. 
5 The latter PCT publication describes a recombinant DNA method for the 

display of peptide ligands that involves the production of a library of fusion proteins with 
each fusion protein composed of a first polypeptide portion, typically comprising a 
variable sequence, that is available for potential binding to a predetermined macromole- 
cule, and a second polypeptide portion that binds to DNA, such as the DNA vector 

10 encoding the individual fusion protein. When transformed host cells are cultured under... 
conditions that allow for expression of the fusion protein, the fusion protein binds to the 
DNA vector encoding it. Upon lysis of the host cell, the fusion protein/vector DNA 
complexes can be screened against a predetermined macromolecule in much the same 
way as bacteriophage particles are screened in the phagc-bascd display system, with the 

1 5 replication and sequencing of the DNA vectors in the selected fusion protein/vector DNA 
complexes serving as the basis for idc.Mi ncaiicn of the selected library peptide 
scquencc(s). 

Other systems for generating libraries of peptides and like polymers have 
aspects of both the recombinant and in vitro chemical synthesis methods. In these hybrid 

20 methods, ccll-frcc enzymatic machinery is employed to accomplish the in vitro synthesis 
of the library members (i.e., peptides or polynucleotides). In one type of method, RNA 
molecules with the ability to bind a predetermined protein or a predetermined dye 
moieculc were selected by alternate rounds of selection and PCR amplification (Tuerk 
and Gold (1990) Science 2^9: 505; Ellington and Szostak f 1990) Nature 346: 818). A 

25 similar technique was used to identify DNA sequences which bind a predetermined 
human transcription factor (Thiesen and Bach (1990) Nucleic Acids Res . 18: 3203; 
Beaudrv and Joyce f 1992) Science 257; 635: PCT patent publication Nos. 92/0525S and 
92/14843). In a similar fashion, the technique of in vitro translation has been used lo 
synthesizc-protcins of interest and has been proposed as a method for generating large 

30 libraries of peptides. These methods which rely upon in vitro translation, generally 
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,„„ are described further in PCT patent 
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selected peptide(s) (or predetermined portions thereof) or single-chain antibodies (or just 
VHI, VLI or CDR portions thereof)- Using these methods, one can identify a peptide or 
single-chain antibody as having a desired binding affinity for a molecule and can exploit 
the process of shuffling to converge rapidly to a desired high-affinity peptide or sefv. 
5 The peptide or antibody can then be synthesized in bulk by conventional means for any 
suitable use (e.g., as a therapeutic or diagnostic agent). 

A significant advantage of the present invention is that no prior information 
regarding an expected ligand structure is required to isolate peptide ligands or antibodies 
of interest. The peptide identified can have biological activity, which is meant to include 

10 at least specific binding affinity for a selected receptor molecule and, in some instances,, 
will further include the ability to block the binding of other compounds, to stimulate or 
inhibit metabolic pathways, to act as a signal or messenger, to stimulate: or inhibit cellular 
activity, and the like. 

The present invention also provides a me: hod fo: shuffling 2 pool of 

15 polynucleotide sequences selected by affinity screening a library of polysomes displaying 
nascent peptides (including single-chain antibodies) fo: library members which bind to 
a predetermined receptor (e.g., a mammalian proteiraceous receptor such as, for 
example, a peptidergic hormone receptor, a ceil svrhzz receptor, an intracellular protein 
which binds 10 other prciein(s) to form intracellular protein complexes such as hctcro- 

20 dinners and the like) or epitope (e.g., an immobilized protein, glycoprotein, oligosaccha- 
ride, and the like). 

Polynucleotide sequences selected in a first selection round (typically by 
affiniry selection for binding to a receptor (e.g., a ligand)) by any of these methods arc 
pooled and the pool(s) is/axe shuffled by //: vitro and/or in vivo recombination to produce 

25 a shuffled pool comprising a population of recombincd selected polynucleotide 
sequences. The recombined selected polynucleotide sequences are subjected to at least 
one subsequent selection round. The polynucleotide sequences selected in the 
subsequent selection round(s) can be used directly, sequenced, and/or subjected lo one 
or more additional rounds of shuffling and subsequent selection. Selected sequences can 

30 also be back-crossed with polynucleotide sequences encoding neutral sequences (i.e., 
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specificity are formed by the process of: (1) screening a displayed peptide or displayed 
single-chain antibody library against a predetermined receptor (e.g., ligand) or epitope 
(e.g., antigen macromolecule) and identifying and/or enriching library members which 
bind to the predetermined receptor or epitope to produce a pool of selected library 
5 members, (2) shuffling by recombination the selected library members (or amplified or 
cloned copies thereof) which binds the predetermined epitope and has been thereby 
isolated and/or enriched from the library to generate a shuffled library, and (3) screening 
the shuffled library against the predetermined receptor (e.g., ligand) or epitope (e.g., 
antigen macromolecule) and identifying and/or enriching shuffled library members which 
10 bind to the predetermined receptor or epitope to produce a pool of selected shuffled ■ 
library members. 

Antihodv Display and Screening Methods 
The present method can be used to 5-vjffie, by in vitro and/or in vivo 
recombination by any of the disclosed methods, ar.d :n ar.y combination, polynucleotide 

35 sequences selected by antibody display methods, wherein an associated polynucleotide 
encodes a displayed antibody which is screened for a phenotype (e.g., for affinity for 
binding a predetermined antigen (ligand). 

Various molecular genetic approaches have beer, devised to capture the vast 
immunological repertoire represented by the extremely large number of distinct variable 

20 regions which can be present in immunoglobulin chains. The naturally-occurring germ 
line immunoglobulin heavy chain, locus is composed of separate tandem arrays of 
variable segment genes located upstream of a tandem array of diversity segment genes, 
which are Jiemselves located upstream of a tandem array of joining (i) region genes, 
which are located upstream of the constant region genes. During B lymphocyte 

25 development, V-D-J rearrangement occurs wherein a heavy chain variable region gene 
(VH) is formed by rearrangement to form a fused D r.egmcnt followed by rearrangement 
with a V segment to form a V-D-J joined product gene which, if productively rearranged, 
encodes a functional variable region (VI I) of a heavy chain. Similarly, light chain loci 
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Nature 348: 552; Burton et al. (1991) Proc. Natl- Acad. Sci. (U.S.A.) 88: 10134; 
Hoogenboom et al. (1991) Nucleic Acids Res . 19: 4133; Chang et al. (1991) J. Immunol . 
147: 3610; Brcitling et al. (1991) Gene 104: 147; Marks et al. (1991 ) J. Mol. Biol. 
222(g): 58 1 ; Barbas et al. (1 992) Proc. Natl. Acad. Sci. (U.S.A.) 89: 4457; Hawkins and 
5 Winter (1992) J. Immunol. 22: 867; Marks et al. (1992) Biotechnology 10: 779: Marks 
etal. (1992) J. Biol. Chem. 267: 16007; Lowman ct al (1991) Biochemistry 30: 10832; 
Lcrner et al. (1 992) Science. 258: 1313, incorporated herein by reference). Typically, a 
bacteriophage antibody display library is screened with a receptor (e.g., polypeptide, 
carbohydrate, glycoprotein, nucleic acid) that is immobilized (e.g., by covalent linkage 
10 to a chromatography resin to enrich for reactive phage by affinity chromatography)- 
and/or labeled (e.g., to screen plaque or colony lifts). 

One particularly advantageous approach has been the use of so-called 
single-chain fragment variable (scfv) libraries (Marks e: al. (1992) Biotechnology 1 0; 
779; Winter G and Milstcin C (1991) Nature 349: 293; Ciackson et al. (1991) on. cil.: 
15 Marks et al. (1991) J. Mol. Biol. 222: 5S1; Chaudhary c: ai. (1990) Proc Nat). Acad. 
Sci. aSS A) 87: 1056; Chiswcll et al. (1992) TIBTHCH 10: SO; McCaffeny ci al. (1990) 
op.cit.; and Huston et al- (1988) Proc. Nail. Acad. Sci. (USA) 85: 5S79). Various 
embodiments of scfv libraries displayed or. bacteriophage coat proteins have been 
described. 

20 Beginning in 1 9SS, single-chain analogues t f Pv fragments and their fusion 

proteins have been reliably generated by antibody engineering methods. The first step 
generally involves obtaining the genes encoding VH and VL domains with desired 
binding properties; these V genes may be isolated from a specific hybridoma cell line, 
selected from a combinatorial V-genc library, or made by V gene synthesis. The 

25 single-chain Fv is formed by connecting the component V genes with an oligonucleotide 
that encodes an appropriately designed linker peptide, such as (Gly-Gly-Gly-Gly-Scr)3 
or equivalent linker peptidc(s). The linker bridges the C-terminus of the first V region 
and N-terminus of the second, ordered a.s either VH-linker-VL or VL-linker-VH* In 
principle, the scfv binding site can faithfully repiicatc both the affinity and specificity of 

30 its parent antibody combining site. 
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as by random, pseudorandom, or directed mutagenesis. Typically, VH and VL cassettes 
arc diversified in or near the complementarity-determining regions (CDRS), often the 
tliird CDR, CDR3. Enzymatic inverse PCR mutagenesis has been shown to be a simple 
and reliable method for constructing relatively large libraries of scfv site-directed 
5 mutants (Stemmer et al. (1993) Biotechniques 14: 256), as has error-prone PCR and 
chemical mutagenesis (Deng et al. (1994) J. Biol. Chem. 269: 953 3). Ricchmann et al. 

(1 993) Biochemistry 32: 8848 showed semi-rational design of an antibody scfv fragment 
using site-directed randomization by degenerate oligonucleotide PCR and subsequent 
phage display of the resultant scfv mutants. Barbas et al. (1992) on.cit . attempted to 

10 circumvent the problem of limited repertoire sizes resulting from using biased variable, 
region sequences by randomizing the sequence in a synthetic CDR region of a human 
tetanus toxoid-binding Fab. 

CDR randomization has the potential to create approximately 1 x 10 :o CDRs 
for the heavy chain CDR3 alone, and a roughly similar .".umber of variants of the heavy 

15 chain CDR1 and CDR2, and light chain CDR 1-3 variants. Taken individually or 
together, the combination possibilities of CDR randomization of heavy and/or light 
chains requires generating a prohibitive number of bacteriophage clones to produce a 
clone library representing all possible combinations, the vast majority of which will be 
non-binding. Generation of such large numbers of primary transformants is not feasible 

20 with current transformation technology ar.d bacteriophage display systems. For example. 
Barbas et al. (1992) op.cit . only generated 5 x I0 7 transformants, which represents only 
a liny fraction of the potential diversity of a library of thoroughly randomized CDRS. 

Despite these substantial limitations, bacteriophage, display of scfv have 
already yielded a variety of useful antibodies and antibody fusion proteins. A bispecific 

25 single chain antibody has been shown to mediate efficient tumor cell lysis (Gruber et al. 

(1 994) J. Immunol . 152: 5368). Intracellular expression of an anti-Rev scfv has been 
shown to inhibit HIV-1 virus replication in vitro (Duan ct al. (1994) Proc. Natl. Acad. 
Sci. (USA^l 91: 5075), and intracellular expression of an anti-p21rar, scfv has been shown 
to inhibrt meiotic maturation of Xenopus oocytes (Biocca et al. (1993) Hiochem. 

30 Bioshvs. Res. Commun . 197: 422. Recombinant scfv which can be used to diagnose 
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■ ». ,Un been reported, demonstrating the diagnostic utility of scfv 
HIV infecuon have a.so been repo Fusion proleins wherC in an scFv is 

( UUeyeta,.(,994)Limm^d^ 

link ed to a second peptide, such as a to. » ^ ^ , 

been reported (Holvost c, al. (1992) EMU^e^lL 

5 Biol. Chem. 268: 5302). divcrsily 
jn.werepossib.etogeneratescfvhbraneshav.ng 

r ,Kp limitations of conventional CDR mutagens 
an d overcoming many of H» >"»«> of , hc 

,0 and d.asnos.ic use Muia be P . . ombi „. CDRs which have been 

shum ,„ S mchods of ,h= ,nven,,on « ^ " - " ^ ^ ^ 

chained (typtcaUy v,a P.R - L wn bc disp ,a>,d on cells, on 

K «cc W d displayed araibod.es. SuJi d.sp ... ^ ^ ^ ^ ^ ^ 
bacteriophage panicles, on polysomes o. - , ■ ^ ^ ^ thc CDRs arc 

15 the antibody is associated W ,ih us encod,^, •-- ^ ^ ^ ^ 

imtially obtained from m RN A (or cDN,) ^ ^ ■ ^ ^ ^ ^ 
cclls/'spknocytcs from an immune- ,r ^-^ W093/l2 227. and 

capable of making a human an;:D05:. a> " 



:d ihcrclrorr.. 



W0W255S5). inching hyb.idonnasdc.. ... . _ ^ r0 „ n<J Really by 

" P0 °' " Z p 0 r CD^ (ivpicaliv shuffling heavy chain CDRs with 
CD „,h e,he, Hgh, chain CDRS) ,o produce 
olfc:: h;a , Chain CDRs and h S n, cna.n DRs v. , n ^ ^ 

25 a shuffled poo, co m pris,n g a popu 0 ■ ^ in . 

scq „e„ces. Thc .combined seiece ^£ , ^ sob!e , ucra 
sc ,ec,ion forma, as a disced anhbody ... , s - , - ^ ^ ^ ^ 
s e,cc,,on round. The pob—de sea, ; > - - „ ^ , ddilion a, 

30 rou„dsofshuffl,ngandsubscqucnls=l=c,on..nu,anan 



' WO 98/01581 



PCT/US97/12239 



- 54 - 

affinity is obtained. Selected sequences can also be back-crossed with polynucleotide 
sequences encoding neutral antibody framework sequences (i.e., having insubstantial 
functional effect on antigen binding), such as for example by back-crossing with a human 
variable region framework to produce human-like sequence antibodies. Generally, 
5 during back-crossing subsequent selection is applied to retain the property of binding to 
the predetermined antigen. 

Alternatively, or in combination with the noted variations, the valency of the 
target epitope may be varied to control the average binding affinity of selected scfv 
library members. The target epitope can be bound to a surface or substrate at varying 
10 densities, such as by including a competitor epitope, by dilution, or by other method - 
known to those in the an. A high density (valency) of predetermined epitope can be used 
tu erjich for scfv library members which have relatively low affinity, whereas a low 
density (valency) can preferentially enrich for higher affiniry scfv library members. 

For generating diverse variable segments, a collection of synthetic 
15 oligonucleotides encoding random, pseudorandom, or a defined sequence kemal set of 
peptide sequences can be inserted by ligation into a predetermined site (e.g., a CDR). 
Similarly, the sequence diversity of one or more CDR.S of the single-chain antibody 
cassette(s) can be expanded by mutating the CDR(s) with site-directed mutagenesis, 
CDPv-rep!accmcnt, and the like. The resultant DNA moiecules can be propagated in a 
host for cloning and amplification prior to shuffling, or can be used directly (i.e., may 
avoid loss of diversity which may occur upon propagation in a host cell) and the selected 
library members subsequently shuffled. 

Displayed peptide/polynucleotide complexes (library members) which encode 
a variable segment peptide sequence of interest or a single-chain antibody of interest arc 
selected from the library by an affinity enrichment technique. This is accomplished by 
means of a immobilized macromoleculc or epitope specific for the peptide sequence of 
interest, such as a receptor, other macromoleculc. or other epitope species. Repeating 
the affinity selection procedure provides an enrichment of library members encoding the 
desired sequences, which may then be isolated for pooling and shuffling, for sequencing, 
and/or for further propagation and affinity enrichment. 
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beads), can be mixed and incubated with a polysome-display scfv library under suitable 
binding conditions. The collection of beads, comprising multiple epitope species, can 
then be used to isolate, by affinity selection, scfv library members. Generally, 
subsequent affinity screening rounds can include the same mixture of beads, subsets 
5 thereof, or beads containing only one or two individual epitope species. This approach 
affords efficient screening, and is compatible with laboratory automation, batch 
processing, and high throughput screening methods. 

A variety of techniques can be used in the present invention to diversify a 
peptide library or single-chain antibody library, or to diversify, prior to or concomitant 

10 with shuffling, around variable segment peptides found in early rounds of panning to-- 
have sufficient binding activity to the predetermined macromolcculc or epitope. In one 
approach, the positive selected peptide/polynucleotide complexes (those identified in an 
early round of affinity enrichment) are sequenced :o determine the identity of the active 
peptides. Oligonucleotides are then synthesized based or. these active peptide sequences, 

15 employing a low level of ail bases incorporated a: each step to produce slight variations 
of the primary oligonucleotide sequences. This mixture of (slightly) degenerate 
oligonucleotides is then cloned into the variable segment sequences at the appropriate 
locations. This method produces systematic, controlled variations of the starting peptide 
sequences, which can then be shuffled, it requires, however, that individual positive 

20 naseent peptide/polynucleotide complexes be sequenced before mutagenesis, and thus 
is useful for expanding the diversity of smail numbers of recovered complexes and 
selecting variants having higher binding affinity and/or higher binding specificity. In a 
variation, mutagenic PCR amplification of positive selected peptide/polynucleotide 
complexes (especially of the variable region sequences, the amplification products of 

25 which arc shuffled in vitro and/or in vivo and one o: more additional rounds of screening 
is done prior to sequencing. The same genera! approach can be employed with 
single-chain antibodies in order to expand the diversity and enhance the binding 
affinity/specificity, typically by diversifying CDP,s or adjacent framework regions prior 
to or concomitant with shuffling. If desired, shuffling reactions can be spiked with 

30 mutagenic oligonucleotides capable of in vitro recombination with the selected library 
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frequently incorporated and up to 5 residue positions may be varied to incorporate 
non-conservative amino acid substitutions as compared to loiown naturally-occurring 
CDR sequences. Such CDR sequences can be used in primary library members (prior 
to first round screening) anoVor can be used to spike in vitro shuffling reactions of 

5 selected library member sequences. Construction of such pools of defined and/or 
degenerate sequences will be readily accomplished by those of ordinary skill in the art. 

The collection of synthetic CDR sequences comprises at least one member 
that is rot known to be a naturally-occurring CDR sequence. It is within the discretion 
of the practitioner to include or not include a portion of random or pseudorandom 

0 sequence corresponding to N region addition in the heavy chain CDR; the N region, 
sequence ranges from I nucleotide to about 4 nucleotides occurring at V-D and D-J 
junctions. A collection of synthetic heavy chain CDR sequences comprises at least about 
100 unique CDR sequences, typically at lens! about 1.000 unique CDR sequences, 
preferably at least about 10,000 unique CDR silences, frequently more than 50,000 

5 unique CDR sequences; however, usually no: mere than about 1x10 6 unique CDR 
sequences are included in the collection, although occasionally I x 107 to 1 X 108 unique 
CDR sequences are present, especially if conservative amino acid substitutions arc 
permitted at positions where the conservative amino acid substituent is not present or is 
rare (i c. less than 0.1 percent) in (hat position in naturally-occurring human CDRS. In 

0 genera!, the number of unique CDR sequences included in a library should not exceed 
the expected number of primary transform arts in the library by more th3n a factor of 1 0. 
Such single-chain antibodies generally bind of about at least 1 x 10 m-, preferably with 
an affinity of about at leas: 5 x 1 0 (superscript 7) M-l, more preferably with an affinity 
of at least 1 x 10 (superscript S) M-l to I x 10 (superscript 9) M-l or more, sometimes 

15 up to 1 x 10 (superscript 10) M-l or mors. Frequently, the predetermined antigen is a 
human protein, such as for example a humar. cell surface antigen (c. g., CD4, CD8, IL-2 
receptor, EGF receptor, PDGF receptor), other human biological macromolccule (e.g., 
thrombomodulin, protein C, carbohydrate anti.:::'.. sialyl Lewis antigen, Lsclcctin), or 
nonhuman disease associated macromolccule (e. g , bacterial LPS, virion capsid protein 

30 or envelope glycoprotein) and the like. 
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In addition to eukaryotic microorganisms such as yeast, mammalian tissue 
cell culture may also be used to produce the polypeptides of the present invention {see, 
Winnacker, "From Genes to Clones/* VCH Publishers, N.L N.Y. (1987), which is 
incorporated herein by reference). Eukaryotic cells are actually preferred, because a 
number of suitable host cell lines capable of secreting intact immunoglobulins have been 
developed in the art, and include the CHO cell lines, various COS cell lines, HeLa ceils, 
myeloma cell lines, etc, but preferably transformed Bcells or hybridomas. Expression 
vectors for these cells can include expression control sequences, such as an origin of 
replication, a promoter, an enhancer (Queen et al. (19S6) Immunol. Rev. 89: 49), and 
necessary processing information sites, such as ribosome binding sites, RNA splice sites, 
polyadcnylation sites, and transcriptional terminator sequences. Preferred expression 
control sequences are promoters derived from immunoglobulin genes, cytomegalovirus, 
SV40, Adenovirus, Bovine Papilloma Vin:s, and the like, 

Eukaryotic DNA transcription car. be increased by inserting an enhancer 
sequence into the vector. Enhancers are cis-acting sequences of between 10 to 300 bp 
that increase transcription by a promoter. Enhancers can effectively increase transcrip- 
tion when cither 51 or 31 to the transcription unit. They are also effective if located 
within an intron or within the coding sequence itself Typically, viral enhancers are used, 
including SV40 enhancers, cytomegalovirus enhancers,, polyoma enhancers, and 
adenovirus enhancers. Enhancer sequences from mammalian systems are also commonly 
used, such as the mouse immunoglobulin heavy chain enhancer. 

Mammalian expression vector systems will alsc typically include a selectable 
marker gene. Examples of suitable markers include, the dihydrofolate reductase gene 
(DHFR), the thymidine kinase gene (TK), or prokaryotic genes conferring drug 
resistance. The first two marker genes prefer the use of mutant cell lines that lack the 
ability to grow without the addition of thymidine to the growth medium. Transformed 
cells can then be identified by their ability to grow on non-supplemented media. 
Examples of prokaryotic daig resistance genes useful as markers include genes 
conferring resistance to G418 : mycophenolic acid and hygromycin. 
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bind said predetermined polypeptide sequence (e. g., and SH2 domain) or which bind an 
alternate predetermined polypeptide sequence (e.g., an SH2 domain from another protein 
species). 

An approach to identifying polypeptide sequences which bind to a 
5 predetermined polypeptide sequence has been to use a so-called "two-hybrid" system 
wherein the predetermined polypeptide sequence is present in a fusion protein (Chien et 
al. (1991) Proc. Natl. Acad. Sci. OJSA) 88: 9578). This approach identifies 
protein-protein interactions in vivo through reconstitution of a transcriptional activator 
(Fields S and Song 0 (1989) Nature 340; 245), the yeast Gal4 transcription protein. 

10 Typically, the method is based on the properties of the yeast Gal4 protein, which consists 
of separable domains responsible for DNA-binding and transcriptional activation. 
Polynucleotides encoding two hybrid proteins, one consisting of the yeast Gal4 
DNA-binding domain fused to a polypeptide sequence cf a known protein and the other 
consisting of the Ga14 activation domain fused to a polypeptide sequence of a second' 

15 protein, arc constructed and introduced into 2 yeas: hos: ceil. Intermolecular binding 
between the two fusion proteins reconstitutes the Ga!4 DNA-binding domain with the 
Gal4 activation domain, which leads to the transcriptional activation of a reporter gene 
(e.g., lecz. HISS) which is operabiy linked to a Ga!4 binding site. Typically, the 
two-hybrid method is used to identify novel polypeptide sequences which in;eract with 

20 a known protein (Silver SC and Hunt SVv (I 993) Moi. Biol. Re p. 17: 155; Duriec et al. 
(1993) Genes Devel. 7; 555; Yang e: a!. (!9?2) Science 257: 6S0; Luban ct al. (1993) 
Cell 73: 1067; Hardy et al(1992) Genes Devel. 6; S01 ; Bar- el ct al. (1993) Biolechniques 
14: 920; and Vojtck et al. (1993) Cell 74: 205). However, variations of the two-hybrid 
method have been used to identify mutations of a known protein that affect its binding 

25 to a second known protein (Li B and Fields S (19931 FASEB J. 7: 957; Lalo et al. 
(1993) Proc. Natl. Acad. Sci. OJSA1 90: 5524; Jackscn el alf 1993) Mol. Cell. Biol. 
13; 2S99; and Madura et a!. (1993) J. Biol- Chem. 26S: 12046). Two-hybrid systems 
have also been used to identify interacting structural domains of two known proteins 
(BardwclLct al. (1993) med. Microbial . 8: 1177; Chakrabarty el al. (1992) J. Biol. 

30 Chem. 267: 17498; Staudinger et al. (1 993) J. Biol. Chem. 263: 4608; and Milne GT. 
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Example 1 

generation of Random Size Polynucleotides Using U.V. Induced Photop roducts 

One microgram samples of template DNA are obtained and treated with U.V. 
light to cause the formation of dimers, including TT dimers, particularly purine dimers. 
5 U.V. exposure is limited so that only a few photoproducts are generated per gene on the 
template DNA sample. Multiple samples are treated with U.V. light for varying periods 
of time to obtain template DNA samples with varying numbers of dimers from U.V. 
exposure. 

A random priming kit which utilizes a non-proofreading polymcase (for 
10 example, Prime-It II Random Primer Labeling kit by Stratagene Cloning Systems) is _ 
utilized to generate different size polynucleotides by priming at random sites on 
templates which are prepared by U.V. light (as described above) and extending along the 
templates. The priming protocols such as describe: in the Prime-It II Random Primer 
Labeling kit may be utilized to extend the primers. T.ve dimers formed by U.V. exposure 
15 serve as a roadblock for the extension by the non-pro ;■ Treading polymerase. Thus, a pool 
of random size polynucleotides is present after c.v.:nsion with the random primers is 
finished. 

Example! 

Isolation of Random Size Polynucleotides 
20 Polynucleotides of interest which are generated according to Example 1 are 

are gel isolated on a 1 .5% agarose cel. Polynucleotides in the 1 00-300 bp range are cut 
out of the gel and 3 volumes of 6 M Nal is added to the gel slice. The mixture is 
incubated at 50 °C for 10 minutes and 10 pi of glass milk (Bio 101) is added. The 
mixture is spun for 1 minute and the supernatant is decanted. The pellet is washed with 
25 500 \x\ of Column Wash (Column Wash is 50% cihanol, lOmM Tris-HCl pH 7.5, 100 
mM NaCl and 2.5 mM EDTA) and spin for 1 minute, after which the supernatant is 
decanted. The washing, spinning and decanting steps are then repeated. The glass milk 
pellet is resuspended in 20pl of H 2 0 and spun for 1 r.v.nute. DNA remains in the aqueous 
phase. 
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Exam ple 3 



uc ,00.300 bp p*«W*. 0 „, M Wi .HCI 

following p.o 6 ran>: 95 l. and 5 minutB al 72 

6 0 - c (prefer* * -O <* 30 , o poly-lco. 

. c . ^ os >=,00.300bppob™cl»ud eS co.b.„. c ub|csirjndcd 

_ » After separating out the r-ass-mu 

,0 ,id« having longer A „ 1>mc , M .id«. .he cyclinS 

pcKoucta-i*. and den^n 6 ^ » .mm * _ _> ^ js , cmp , alc 

if op.-* again «^ «* — „ , dd ,,„. » ta ** 

aid primer DNA and oihsr sirr.pl-> tli!i-n£ '- n -'-- - ' 



strands. 



expressed therefrom. The o.. t <- - • _ _,._, plid e S obtained from the 

obtaining comparative - ~- ^ ^ ^ activity 0 fthc polypeptides 

00 shuffled polynucleotide? cf Sxamp* ' " s ' . oflhc control. 

, ••„.),. ^uia"" and com?arcow-r>t'- acl,,l '> 1 
obtained from the or,gm, ; U...,, - ^ polypeptides discovered durmg 

The shuffled polynucleotides coa.r.g ~ - Some shuffled polynucleo- 

screening are compared further for secondary des.ra ^ ^ shuffling. 

^scorrespondmgtCessinterestingscreenedpo,^^-. 

A n ^ ^eclated from the above fcsenpuon. the present invention has 
25 As « n '■ PP ' CC . . ...... from the scope and mlennon 

a vane,- ofappHcauons. Va.aUons ^ ^ upon revic ,, ng 

ofl h C1 ,rcscnt invention will bereadUyappa.. o. 
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the above. Such variations are expected to be within the ordinary skill of the average 
practitioner and are encompassed by the present invention. 
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WH^Tis PT AIMED IS: 
I. 



A method for producing mula :t polynucleotides comprising: 

pacing polynuCc.ides » Moving o, • P*— 

a m-mber selected from the group conswmt of 

«• 

or more of the polynucleotide or polynucleosis. 

, ■ „ r .,...- ^'..-nucleotides by a series of steps 
2 A process for producing no-.a... 

COmpnSing; ,. , v - ... fc .. b . 0C ',in,- o: interrupting a polynucleotide 

( .\ producing okgonucieot;^ o ; 

[ "' ? - ^ 5t on- member selected from tnc group 

15 synthesis or amnion process ~ inlcrcaU u„ 8 agents, chain 

of UV one or - ^ — ' ^ ^ .„ capablc of 

^ or anplincalion ind pr0Vld e a plurfi* 

ofpol>™=lcoude>d,, - doubU stranded oligonucleotides to 

on fb^ denaturing ir.c re^l..::? bum- 

. ool.nucleoto. optionally «■»»»« « 

prcduce a mtKturc 0, s.r.,1 s- . and ^ 

25 P0 °' S ' (e) i„ t u ba t,n gi p»u n .„of SI i.po b ,uc,=„idesora ll e aS ,o„epoo 1 or 
sa „ p „ Jclcottde, wttn . poly— ^ «***>" in » mra "" S ° f 
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said single-stranded polynucleotides at regions of identity between the single-stranded 
polynucleotides and formation of mutagenized double stranded polynucleotide chian; 

(d) repeating steps (c) and (d); 

(e) expressing at least one mutant polypeptide from said polynucleotide chain, 
5 or chains; and 

(0 screening said at least one mutant polypeptide for a useful activity. 

3. A process according to claim 2, wherein said adduct is member selected from 

the group consisting of: UV light; (+)-CC-l065; (+)-CC-l065-(N3-Adenine); a N- 
acelylated or deacetylated 4 , -fluro-4-aminobiphenyl adduct capable of inhibiting DNA- 
10 synthesis, or a N-acetylated or deacetylated 4-aminobiphenyl adduct capable of 
inhibiting DNA synthesis; trivalenl chromium; a trivaJcnt chromium salt; a polycyclic 
aromatic hydrocarbon ("PAH") DNA adduc: capable of inhibiting DNA replication; 7- 
bromomethyl-benz[a]anthniccnc ("BMA"); tris;:,3-dib:omopropyl)phosphate (Tris- 
BF"); l t 2-dibromo-3-chJoropropane ("DBCP"), 2-brc:r. jacrolein (2BA); benzo[a]pyrene- 
15 7,8-dihydrodiol-9-10-cpoxidc ("BPDE"); a p:a:ir.um(n) halogen salt; N-hydroxy-2- 
amino-3-methylimidazo[4,5-y]-quinoline; N-hydroxy-2-amino- 1 -methyl-6- 
phcnylimidazo[4,5-/]-pyridinc, DNA inicrca: ring agents, DNA binding proteins, triple 
helix forming agents, competing t:ans:::p:ion polymerases, chain terminators, and 
polymerase inhibitors or poisons. 

20 4 - A process according to claim 2, wherein said DNA adducl is a member 

selected from the group consisting of UV light, (+)-CC-1065 and (-r)-CC-1 065-(N3- 
Adenine). 

5. A process according to claim 4, further comprising healing said polynucleo- 

tides and removing the DNA adduct, or adducts from said polynucleotide or polynucleo- 
25 tide pools. 
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6 A merhod for pressing a polypepude coming producing . P*W*» 

int0 . vector or an expr-oo vehiCe and expressinc. said Hyp**- 

A vecror or „ expression "hide include . po^cleoride produced 

according to claim 2. 

A p..*** comprise , >«• one screen, expressed from a 

polynucleotide produced by Uk me.h.d accordins ,0 cla.m Z 
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